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iJSTUCT 


The  purpoee  of  this  study  vet  Co  develop  Inforaeclon  for  the  e^iir- 
icel  design  of  s  cryopuaplng  errey.  Isperlaeats  with  s  ehevron> shielded  con¬ 
denser  heve  been  cerried  out  end,  where  possible,  the  results  correleted  with 
enelysis.  An  errey  constmcted  fron  eluednua  penels  proved  to  be  very  service- 
eble.  The  errey  cepture  probebility  for  nitrogen  wes  ebo|t  0.2  end  v|s 
essentielly  eenetent  over  the  range  of  pressures  froa  10  to  5  x  10  terr; 
ebove  5  x  10~^  torr  the  cepture  probebility  increased  with  pressure.  00,  wee 
cryopui^ped  on  the  chevron  shields.  Bence,  the  cepture  prob^ility  wes  high, 
varying  froa  0.7  to  0.94  in  the  pressure  range  ftom  5  x  lO"'  to  7  x  lo'^  torr. 

The  greatest  trensaission  of  radiation  through  the  chevrons  to  the 
condenser  occurred  with  e  CO,  d^osic  on  the  chevrons  end  e  nitrogen  deposit  on 
the  condenser,  end  with  infrared  redietion  incident  on  the  inlet  to  the  errey. 
Ivan  under  these  conditions  less  then  2  percent  of  the  incident  irredietion  wee 
trensaltted  to  Che  condenser. 

As  e  result  of  our  study,  we  conclude  that  cryopuaping  by  aaens  of  e 
condenser  at  20  K,  radiation  shielded  by  surfaces  cooled  to  77  to  100  K,  can  pro¬ 
vide  effective  aaens  for  reaovel  of  nitrogen  end  ell  less  volatile  gases  froa  a 
vecuuB  space  in  the  ultra-high  vecoua  range. 
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I.  SUMMARY 


A.  PURPOSE  AND  SCOPE 

Tha  purpose  of  the  experimentation  and  analysis  comprising  this  study 
was  to  develop  information  for  the  empirical  design  of  a  cryopumplng  array.  It 
was  originally  intended  that  several  configurations  of  cryopumplng  arrays  would 
be  investigated.  However,  the  effort  required  to  get  useful  quantitative  re¬ 
sults  by  experimentation  was  considerably  greater  than  anticipated.  As  a  re¬ 
sult,  only  one  cryopumplng  array  configuration,  a  flat  tubed-sheet  condenser 
shielded  by  chevrons,  was  investigated.  The  results  of  our  work  on  the 
chevron  array  are  presented  in  this  report.  Included  is  information  on  the 
cryopumplng  of  nitrogen  and  carbon  dioxide,  the  removal  of  non-condensables 
(hydrogen) ,  the  heat  loads  on  the  cryogenic  surfaces  with  both  infrared  arid  solar 
irradiation,  and  the  composition  of  residual  gases  in  the  chamber  during  cryo- 
pumping.  A  description  of  the  apparatus  and  its  operation  is  also  presented. 

B.  COWCLUSIONS 


Cryopumplng  by  means  of  a  20  K  condenser,  radiation  shielded  with 
surfaces  cooled  to  77  K  to  100  K,  can  provide  effective  means  for  the  removal 
of  nitrogen  and  all  less  volatile  gases  from  a  vacuum  space  in  the  ultra-high 
vacuum  region.  The  capture  probability  for  nitrogen  of  the  chevron- shielded 
condenser  used  in  our  experiments  was  approxigately  0.2  agd  was  relatively  in¬ 
dependent  of  pressure  over  the  range  from  lo’^  to  5  x  10*  torr.  This  value 
of  capture  probability  corresponds  to  a  pumping  speed  per  unit  of  inlet  area  of 
81  cu.  ft. /sec  -  fr  .  Above  5  x  lO'  torr,  the  capture  probability  increased 
with  pressure. 

In  our  ^paratus  the  chevron  radiation  shields  were  cooled  to  about 
77  K.  Consequently,  CO,  was  cryopumped  by  the  chevrons  at  pressures  higher  then 
about  1.5  X  10  **  torr.  ^The  capture  probability  for  CO,  was  a  function  of  tha 
amount'  of  deposit  on  the  chevrons;  the  high  capture  probability  that  one  would 
associate  with  cryopumplng  by  the  exposed  chevrons,  was  not  realised  until  a 
certain  amount  of  condensate  had  accumulated  on  the  surfaces.  Once  tha  con¬ 
densate  had  accumulated,  capture  probabilities  ranging  from  0.7  to  0.94  ware 
observed  in  the  pressure  range  of  4.6  x  10~  to  6.8  x  lO"  torr.  With  CO^  de¬ 
posited  on  the^chevrons,  the  ultimata  pressure  in  the  chamber  was  linitad  to 
about  1.5  X  10  torr. 

Non-condensables  were  removed  by  a  conventional  diffusion  pu8q>ing 
system  consisting  of  a  ten-inch  and  a  two-inch  diffusion  pump  in  series.  Tha 
pumping  speed  of  the  diffusion  pumping  system  was  considerably  limited  by  tha 
arrangement  of  cryogenic  panels  upstream,  a  condition  unique  Co  our  particular 
experimental  set-up.  The  pumping  speed  for  hydrogen,  approxinmtely  30  cu 
ft. /sac.,  was  essentially  constant  over  the  pressure  range  of  10*^  to  10~^  torr. 
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Obacrvaciona  of  th«  pratsur*  in  th«  ehaaibar  at  the  eondanser  tamparatura  waa 
variad  from  20  to  13  K  auggaatad  that  aaiall  amounta  of  hydrogan  ara  adaorbad 
on  tha  eondanaar. 

Conaldarabla  difficulty  waa  aneountarad  in  naaaurlng  haat  loada  on 
tha  cryoganle  aurfaeaa,  particularly  in  naaaurlng  tha  haat  load  on  tha  eondanaar. 
Tha  diffieultiaa  wara  aaaociatad  with  tha  low  laval  of  tha  load,  which  waa  about 
1.5  watta.  Navarthalaaa,  it  ia  elaar  that  tha  ehavron  radiation  ahialda  pro* 
vidad  affactiva  ahialding  avan  whan  thara  wara  condanaad  dapoaita  on  both  tha 
ebavrona  and  tha  eondanaar.  Tha  graataat  trananiaaion  of  radiation  through  tha 
ehavrona  to  tha  eondanaar  oeeurrad  with  a  CO,  dapoait  on  tha  ehavrons  and  a 
nitrogan  dapoait  on  tha  eondanaar  and  with  infrarad  radiation  ineidant  on  tha  in- 
lat  to  tha  array.  Ivan  undar  thaaa  eonditiona  laaa  than  2  pareant  of  tha  in* 
cidant  irradiation  waa  tranaadttad  to  tha  eondanaar. 

Tha  raaidual  gaa  in  tha  ehuibar  waa  analyaad  by  an  Onagatrm  naaa 
apaetroMtar  during  eryopunping,  and  with  a  ehaabar  praaaura  of  8  x  lo'*  torr  up* 
atraan  of  tha  ehavrona  and  S  x  10~’  torr  adjaeant  to  tha  eondanaar.  Tha  par* 
tlal  praaauraa  of  hydrogan  and  haliua  wara  inaignif  leant  in  eoa^riaon  to  tha 
partial  praaauraa  of  gaaaa  rapraaantad  by  naaa  nunbara  12  throu^  14,  and  25 
through  32  in  tha  Oaagatron  analyaia.  Wa  attribute  tha  praaanea  of  thaaa  naaa 
nui^aB  in  tha  taat  to  outgaaaing  of  air  and  hydrocarbona  fron  tha  inaida  of  tba 
OBBgatron. 


Tha  aluninw  panala  froa  which  tha  array  waa  eonatruetad  have  proven 
aatiafaetory  and  aarvieaabla.  After  initial  leak  detection  and  repair,  tha  vaeuua 
integrity  of  both  tha  eryopanala  and  tha  atalnlaaa  ataal  chanbar  waa  oaintainad 
over  a  period  of  aavan  nontha.  During  thia  tiaB,  approxinataly  35  taata  wara 
carried  out  in  which  tha  panala  wara  cooled  down  and  held  at  operating  taapara* 
turaa  t^r  parioda  averaging  about  aix  houra;  no  aignif leant  leakage  developed 
in  any  of  the  welded  jointa  in  aithar  tha  eryopanala  or  tha  tank. 

In  our  averiaanta,  we  uaad  hot  cathode  ion  gagaa  for  praaaura 
awaauraaant  below  torr.  It  baeaae  clear  that  avan  tha  uaa  lOf  the  beat 
operating  tachniquaa  currently  kjpwn  did  not  inaura  accurate  and  reliable  praa* 
aura  ■eaauraaent  below  about  10~*  torr;  banco,  tba  dataminationa  of  puaping 
apaad,  ultiaMta  praaaura  and  other  gaa  flow  perfomanca  charactariatica  were 
coBproadaod.  Aa  a  ainiaua  raquireawnt  for  naking  quantitative  eaaauroaNnta, 
ultra*high  vacuum  gagaa  aaiat  be  frequently  coepared  to  a  auitabla  acandard,  aueh 
aa  tha  McLeod  gaga,  in  a  way  which  winiaicaa  tba  orrora  involved  in  extrapola* 
ting  gage  faetora  to  tha  ultra*hlgh  vacuum  range. 

C.  IICOWMMDATIOMS 

Aa  a  reault  of  our  atudiaa  wa  recomamnd  that: 
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1.  Cryopuaping  with  •  20  K  condenser  redlatlon  shielded  by  llquld- 
nltrogen  cooled  surfaces,  be  considered  ss  s  prectlcsl  end  effective  wny  of 
schleving  very  high  punvlns  speeds  for  nitrogen  end  less  volstlle  gsses  at  pres¬ 
sures  doim  to  St  least  10~^  torr. 

2.  The  chevron-shielded  condenser  be  considered  for  applications 
where  alnlauB  transnlsslon  of  energy  to  the  20  K  condenser,  per  unit  of  pulping 
speed  Is  desired. 

3.  Further  sMasuranants  of  heat  loads  on  the  eryoganlc  surfaces  be 
carried  out,  preferably  on  a  larger  scale  and  under  operating  conditions  Ilka 
those  which  will  be  encountered  in  practice. 

4.  Liquid-nitrogen  cooled  radiation  shields  be  operated  at  a  ten- 
perature  of  about  100  K  to  prevent  the  cryopuaping  of  CO,  on  the  shields  in  ap¬ 
plications  where  it  will  be  present  in  substantial  aaounCs  and  where  chafer 
pressures  below  about  1.5  x  10~°  torr  are  required. 

5.  Aluainua  panel  construction  of  the  type  used  in  this  investiga¬ 
tion  be  considered  as  a  practical  way  of  fabricating  cryopanals. 


3 


II.  IHTRODUCTIOM 


QW2PseviouB  Btudiat  conducted  by  Arthur  D.  Little,  Inc.,  (ADL)  end 
others,^  '  strongly  suggest  that  the  most  precticel  end  economlcel  wey  to 
provide  high  punping  speeds  for  nost  gases  Is  by  the  use  of  cryopunplng.  This 
Is  particularly  true  for  the  space  simulation  chanber  application  where  both 
the  thermal  and  vacuum  simulation  can  be  accomplished  by  a  suitably  designed 
arrangement  of  cryogenlcally-cooled  panels  (cryopanels) .  Prior  to  this  Investi¬ 
gation,  very  little  work  of  an  experlsMntal  nature  had  been  done  on  cryopunplng, 
and  to  a  large  extent  the  present  Investigation  has  been  an  attempt  to  validate 
experimentally  the  conclusions  reached  In  analytical  studies  with  regard  to 
pu8|>lng  speeds  and  heat  load  on  the  20  K  condenser. 

ADL's  Interest  In  cryopunplng  led  to  the  establishment  of  a  company- 
sponsored  research  project  to  Investigate  the  perforsMnee  of  a  chevron- shielded 
condenser  In  February  1960.  Under  this  project  a  high- vacuum  chaid>cr  was  con¬ 
structed  and  tested,  and  the  cryo-array,  shown  In  Figure  1,  was  fabricated  by 
welding  aluminum  tubas  to  flat  aluminum  surfaces  In  the  desired  geometry.  The 
welded-type  construction  proved  to  be  unsatisfactory.  Considerable  difficulty 
was  encountered  during  fabrication  with  thermal  warpage  and  bum-throughs.  In 
a  number  of  places  a  gas  pockat  was  formed  by  the  tube,  the  weld  and  the  sheet; 
any  leak  through  the  weld  would  permit  outgasslng  Into  the  vacuum  space.  Such 
leakage  could  not  be  located  by  known  detection  techniques.  Moreover,-  the  weld¬ 
ing  of  coolant  tubes  to  the  sheets  proved  to  be  time-consuming  and  very  costly 
and  In  our  opinion  would  only  be  suitable  for  small  test  apparatus. 

Air  Force  sponsorship  of  exparlmsntal  work  on  cryopunplng,  under  the 
present  contract,  began  at  the  end  of  July  1960.  Shortly  after  the  beginning  of 
work  under  Air  Force  sponsorship  we  concluded  that  the  leakage  and  outgasslng 
problems  associated  with  the  welded  array  construction  appeared  Insurmountable 
and  decided  to  replace  the  array  Chat  had  been  constructed  for  the  ADL  Eesearch 
Project.  At  that  tlsm  we  turned  to  a  construction  which  smde  use  of  "tubed 
sheet",  a  product  of  the  Reynolds  Metals  Company.  A  second  srrsy  was  fsbrlcated 
snd  It  proved  to  be  highly  satisfactory  after  Initial  leak  testing  snd  repair. 

Not  only  were  the  leakage  and  outgasslng  problems  associated  with  the  welded- 
type  construction  ellsdnated,  but  also  the  design,  fabrication  and  test  experience 
gained  with  these  panels  Is  more  directly  applicable  to  large  chambers.  The 


•k 

Superscripts  In  parentheses  designate  references  which  are  listed  at  the  end  of 
the  report 
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vacuum  chanbar  which  hadj  b«an  eonatructad  under  tha  ADL  Research  Project,  was, 
readily  adaptable  to  them  k±v  force  program  and  It  was  used  throughout  the  tests. 

Ixperlmantat^lon  with  the  apparatus  began  in  December  1960  and  the 
testa  reported  herein  w*«t«  conducted  in  the  period  from  January  1961  through 
August  1961.  Air  force  fuandlng  for  the  axperlisentel  work  was  depleted  by 
July  1961.  At  that  tlmma,  good  Information  had  not  yet  been  obtained  on  the  cryo> 
pumping  of  CO.,  the  heat=  loads  on  the  cryopanels, end  the  composition  of  the 
residual  gases  In  the  chauifeer  while  cryopumplng.  Because  these  Items  were  of 
considerable  Interest  too  both  Arnold  Engineering  Development  Center  end  ADL, 

ADL  established  a  secondH  roseerch  project  to  complete  them.  Useful  results  on 
the  cryopumplng  of  CO2,  on  the  cryogenic  heat  loads  and  on  the  composition  of 
the  residual  gases  In  thnt  chamber,  were  obtained  under  this  research  project. 

They  are  Included  In  thU.i  mreport. 

National  Rea«uxch  Corporation  (NRC) ,  under  subcontrect,  assisted  ADL 
In  vacuum  InatrumentatloDn,  Ion  gage  calibrations  and  pumping  speed  determina¬ 
tions.  A  susmery  of  thSMlr  work,  as  prepared  by  MfaC,  Is  Included  In  Appendix  D. 
Their  report  Is  completSM  ic  itself.  Including  a  Table  of  Contents  and  References. 
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111.  APPARATUS  AND  MEASUREMBWTS 


A.  GENERAL 


The  set-up  of  equipment,  including  the  chend>er,  refrigeration  sources, 
and  Instrumentation,  Is  shown  In  Figure  2.  The  various  components  are  Identified 
In  the  tabulation  on  the  figure.  A  flow  sheet  for  the  system  Is  presented  In 
Figure  3.  The  functions  of  the  various  components  and  Instruments  are  Indicated 
In  the  sections  which  follow. 


B.  CHAMBER  AHD  CRYOPAHBLS 


A  cross  section  through  the  cryopump  vacuum  test  chamber  Is  shown  In 
Figure  4.  Input  gases  were  introduced  at  the  right  and  flawed  through  screens  to 
the  array  Inlet.  The  screens  distributed  the  gas  so  as  to  produce  uniform  flow 
into  the  array.  Condensables  were  deposited  as  solids  either  on  the  chevrons 
or  on  the  20  K  condenser.  Hon-condensable  gases  continued  through  the  array, 
and  through  a  10-inch  90  elbow  to  the  inlet  of  a  diffusion  pump  system  (des¬ 
cribed  in  Section  111-B) .  The  surfaces  surrounding  the  20  K  condenser  provided 
radiation  shielding.  They  were  cooled  with  liquid  nitrogen  to  77  K.  The  chevrons 
permit  gas  flow  to  the  condenser,  but  minimise  the  transmission  of  radiant  heat 
energy  to  the  condenser  from  the  front.  The  back  shields  permit  non- condensables 
to  flow  to  the  diffusion  pump  but,  along  with  the  outer  shields,  prevent  radia' 
tion  from  the  warm  tank  walls  from  striking  the  condenser.  The  surfaces  were 
made  either  highly  absorptive  (black)  or  highly  reflective,  as  indicated  in 
Figure  4,  to  minimise  radiant  heat  transmission  to  the  condenser. 

In  some  tests,  which  will  be  described,  it  wes  desirable  to  irradiate 
the  inlet  to  the  array  (that  is,  the  right  edge  of  the  chevrons)  with  solar  and 
infrared  energy.  For  this  purpose  the  flow  distributing  screens  were  removed. 
Solar  irradiation  was  admitted  through  the  sapphire  window  at  the  right,  while 
Infrared  irradiation  was  supplied  from  e  bulb  owunted  inside  the  tank.  (These 
radiation  sources  are  described  in  Sections  Ill-F  end  III-G  below). 

Photographs  of  the  cryo-array  and  the  veeuum  chamber  are  shown  in 
Figures  5  and  6.  In  figure  5  the  penels  visible  ere,  from  right  to  left,  the 
chevrons,  the  20  K  condenser  (with  vertical  slots),  and  the  two  back  shields. 

In  Figure  6,  the  outer  shields  are  visible.  The  chasber,  three  feet  in  diameter 
and  four  feet  long,  was  constructed  of  Type  321  stainless  steel;  heli-arc 
welding  was  used  throughout.  The  inner  surface  wes  polished,  as  can  be  seen  in 
Figure  6. 
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(3) 

Th«  eryo-Array  haa  baan  cooplataly  daacrlbad  In  a  Prograaa  Raport 
It  waa  fabrleatad  aa  part  of  thla  projaet  by  ADL  ualng  Raynolda  Hatala  Co. 'a 
"tubad-ahaat".  Tha  panala  and  piping  wara  all  alualnum  up  to  pointa  naar  whara 
tha  warm  wall  of  tha  taidi  waa  panatratad.  Thara,  atalnlaaa  ataal>to*aluminum 
tranaitlon  Jolnta  wara  Inaartad  ao  that  only  atalnlaaa  ataal  llnaa  panatratad 
tha  atalnlaaa  ataal  tank.  Hall-arc  waldlng  waa  uaad  throughout.  Initial  laak 
taatlng  of  tha  array  ravaalad  a  nuabar  of  laaka  In  waldad  Jolnta.  Howawar, 
only  ona  laak,  a  "plnhola"  In  a  haadar  tuba,  waa  found  In  a  panal.  Convantlonal 
hallum  maaa  apactromatar  taehnlquaa  wara  uaad  to  datact  laaka;  rapalr  waa  ac- 
eompllahad  by  welding  owar.  A  final  laak  taat  with  all  tha  eryopanala  eeolad  to 
llquld-nltrogan  tanparatura  ravaalad  that  tha  total  aqulvalant  Inlaakaga  of  air 
to  tha  vacuum  apaea  from  tha  eryopanala  and  from  outalda  tha  tank  waa  no  graatar 
than  about  5  x  10~'  ace/aae.  At  a  praaaura  of  10~”  torr  thla  maaa  flow  eecraapoada 
to  a  voluma  flow  of  about  38  lltara/aae.  (1.35  eu.ft./aae.),  which  la  anall 
eomparad  to  tha  pumping  apaad  of  tha  dlffualon  pumping  ayatam  alona.  Thua,  at 
a  praaaura  of  10"°  torr,  thla  flow  haa  no  algnlf leant  affaet  on  taata. 

To  maka  tha  ehavrona  and  portlona  of  othar  aurfaeaa  highly  abaorptlva 
for  both  aolar  and  Infrarad  anargy,  wa  had  than  grlt-blaetad  and  than  aubjaetad 
to  a  haavy  black  anodlaa.  Tha  raflaetlva  aurfaeaa  on  tha  ahlalda  and  eondanaar 
wara  ehanleally  pollahad  In  tha  "aa  raealvad"  condition.  Bacauaa  of  tha  natura 
of  tha  manufacturing  procaaa,  tha  "aa  raealvad"  flnlah  waa  fairly  aaooth  and 
tha  aurfaca  which  raaultad  from  ehamieal  pollahlng  waa  highly  raflaetlva.  Tha 
radiation  propartlaa  of  thaaa.two  tsrpaa  of  aurfaeaa,  hava  baan  daacrlbad  In  aoma 
da tall  In  a  Prograaa  Sapor t'^^ 


C.  CSYOGIMIC  C1BCU1T8  AMD  ITlPMPnATlOH 

Oparatlon  of  tha  eryo-array  raqulraa  rafrlgaratlon  at  two  lavala:  ona 
at  77  K  and  tha  othar  batwaan  15  and  20  K.  Rafrlgaratlon  at  tha  hlghar  tanparatura 
laval  waa  provldad  by  tha  vaporisation  of  liquid  nltrogan  auppllad  from  tha 
atoraga  tank  ahown  In  Plgura  2.  Tha  liquid  nltrogan  auppllad  cooling  for  tha 
ehavrona,  back  ahlalda,  outar  ahlalda  and  dlffualon  pump  baffla,  and  pra-eoollng 
for  tha  20  R  rafrlgarator.  To  Inaura  that  liquid  antarlng  tha  ehavrona  was 
saturated  at  a  known  praaaura,  a  gas- liquid  separator  was  Ineludad  In  tha  faad 
line,  as  Indicated  In  Plgura  3.  The  two-phasa  mixture  of  gas  and  liquid  from 
tha  transfer  line  flowed  Into  tha  vacoum-jaekatad  separator  pot.  The  pot  waa 
kept  about  half  full  of  liquid;  saturated  liquid  waa  drawn  off  through  tha  hettem 
while  tha  flash  gas  from  tha  transfer  proeass  was  axhaustad  from  tha  top.  By 
eliminating  vapor  from  the  faad  to  the  ehavrona,  wa  Insured  that  tha  vapor  exhaust 
from  tha  chevrons  was  attributable  to  tha  boat  load  on  them.  Tha  vapor  exhaust 
flow  passed  through  a  wam-up  tuba  and  waa  matared  with  an  orifice. 

Rafrlgaratlon  at  tha  20  K  laval  was  auppllad  by  an  ADL-Colllna  Hallum 
Cryostat,  Rafrlgarator  Modal.  Thla  unit  circulated  cold  hallum  gas  to  tha 
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condenser  in  the  veeuun  test  eheaber.  The  gee  floved  froa  the  cryoetet  through 
en  Inlet  teapereture  control  heeter,  into  the  condenser  penel  end  beck  to  tbs 
cryoetet  through  e  celorlaetric  aese  flowaeter,  ee  shown  In  Figure  3.  Throttling 
velvee  In  the  outlet  end  return  lines  end  e  by>peee  velve,  ell  In  the  cryoetet, 
were  used  for  reguletlng  the  flow  to  the  condenser. 

The  Inlet  end  outlet  teaperetures  of  the  condenser  (T.  end  T,, 

Figure  3)  end  of  the  celorlaetric  f lowaeter  (T.  end  T. )  were  aseeured  with 
liquid-hydrogen  vepor-preesure  theraoaetere.  The  theSWastere  eech  consisted 
of  e  sensing  bulb  connected  through  e  0.093  In.  10  x  5  ft.  long  ceplllery  to  e 
wera  (rooa  teapereture)  reservoir  to  which  e  0-215  pels  Helicoid  pressure  gege 
was  connected.  Significant  features  were: 

Sensing  bulb  Internal  voluae  -  0.10  cu.  In. 

Total  wera  voluae  -  3.60  cu.  In. 

Ceplllery  -  0.41 
leservolr  -  2.37 
Gege  -  0.82 

Charge  pressure  -  150  pels 

The  sensing  bulbs  were  pieced  directly  Inside  the  hellua  lines  so  that  they  were 
In  Intlaete  contact  with  tbs  flowing  gee.  The  theraoaeters  provided  eccurete 
asesureaents  of  teapereture  (about  0.1  K)  over  the  range  of  15  to  30  K. 

In  the  celorlaetric  flowaeter  the  flowing  hellua  gas  absorbed  beet  at 
a  aeesured  Input  rate  froa  en  electrical  beater.  The  teapereture  rise  of  the  gas, 
as  Indicated  by  T.  end  T. ,  cos^lned  with  the  beet  Input  rate  and  the  specific  beat 
of  hellua  (a  knowfi  constant  In  the  range  of  Interest)  deteralnsd  the  aass  flow  rate. 

Teaperetures  at  eight  different  points  on  the  cryopanels  ware  aonl- 
tored  by  copper-constantan  tberaocouplae.  Each  pair  of  tberaocouple  wires  ware 
contained  In  a  1/16-lnch  00  stainless  steel  sheath  packed  with  powdered  cerasdc 
Insulation  (Therao-electrlc  Coapany's  "Ceraao”).  Each  sheath  was  closed  off  and 
grounded  to  the  aeasurlng  junction  at  the  end.  The  sheaths  for  all  the  couples 
were  welded  Into  a  stainless  steel  plug,  which  was  In  turn  welded  Into  the  stain¬ 
less  steel  tank.  Thus,  only  saell  diaaeter  sulnless  steel  tubes  were  exposed  to 
the  vacuua.  Each  tberaocouple  bad  a  s^arate  reference  junction  which  was  placed 
In  a  bath  during  operation.  Outputs  were  fed  Into  e  recorder. 
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1.  Pressure  (Vecuum)  Geges 


Six  eonventloMl  hot-cethode  ion  geges,  es  listed  below,  were  used 
for  neesurenents  below  10*'’  torr: 


Type 


Loeetlon 


MRC  551,  Nottlnghem 


45  from  top  of  tenk, 
4  Ins.  upstreem  of 
array  inlet 


Veeco  SG-75,  Bayard  Alpart 


Teed  with  an  Omegatron 
gage  from  tubulation 

sampling  gas  adjacent 

to  the  20  K  condenser 


P3  and  P4 


BBC  518,  Standard 


Gas  input  plenum  chaabers 


Veeco  I6>75,  Bayard-Alpert 


Chaaber  head  downstream 
of  array,  near  inlet 
to  diffusion  pump  system 


Veeco  BG-75,  Bayard-Alpert 


45  from  top  of  tank, 
opposite  PI 


These  gage  locations  are  indicated  schematically  in  figures  3  and  4. 
Midway  through  the  experiments  a  mide  ion  gage  (Vactrenic  Type  MIG)  was  installed, 
adjacent  to  fl  and  In  the  sane  axial  plana.  A  firani  gage,  at  the  bottom  of  the 
tank  and  in  the  saaa  axial  plans  as  PI  and  P6,  was  usad  for  measuring  chafer 
pressures  above  10*^  torr.  All  of  these  gagas  wore  calibrated  against  a  MeLa^. 
gaga.  The  calibration  procedure  has  been  fully  described  in  Progress  Baports'^'. 
A  suamary  discussion  of  their  calibration  and  use  is  presented  in  Appendix  D. 

Gages  PI  and  P6  were  used  for  indicating  the  pressure  (or  density)  upstream  of 
the  array  in  puaping  speed  determinations. 
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2.  Mags  Flow  Nataring  and  Control 

Tha  oats  flow  rata  Inputs  to  tha  chaobar,  which  arc  raqulrad  for  puwp- 
Ing  spaadgdatoninatlons,  wars  sMasurad  in  thraa  ways.  At  ehaabar  prassuras  balow 
about  10  torr,  tha  oass  flow  rataa  wara  axtraasly  snail;  nataring  with  a  known 
conductanea  oparating  la  tha  fraa  nolaeular  flow  ragina  provad  to  ba  tha  nost 
practical  approach.  Ha  nada  usa  of  tha  known  conductancas  of  thin  plata  orificas 
with  dianatars  substantially  anallar  than  tha  naan-fraa  path.  A  staady  flow  of 
gas  was  introducad  to  ona  of  two  planun  chaabars  attachad  to  tha  nain  vacuun 
chabbar  (ftgura  3)  and  thanea  flowad  into  tha  ehaabar  through  a  thin  plata  orl- 
fiea  of  aithar  1/2-ineh  or  3/4-ineh  dianatar.  Tha  orificas  wara  sisad  so  that 
tha  downstraan  prassura  (i.a.,  tha  prassura  in  tha  ehaabar)  was  nagllgibly  snail 
conparad  to  tha  upstraan  prassura.  Tha  planun  ehaabar  was  fittad  with  bafflas 
and  tha  gas  was  injactad  in  such  a  way  that  tha  prassura  throughout  tha  planun 
was  unifom.  Thus,  tha  aquation  for  fraa  nolaeular  affusion  through  an  orifiea 
into  a  parfaet  vacuun  (usad  in  a  sibsaquant  discussion  of  punping  spaad  axpari- 
nants,  Saetion  IV-B)  could  ba  appliad  with  good  accuracy.  With  that  aquation, 
tha  upstraan  gaa  prassura  and  tanparatura  datamina  tha  nass  flow  rata.  Tha  pras- 
sura  in  tha  planun  was  nsasurad  with  an  ion  gaga  (P3  or  P4) ;  tha  tanparatura  was 
assunad  to  ba  530  t. 

-6  ~4 

At  ehaabar  prassuras  batwaan  about  5  x  10  and  5  x  10  torr  wa  wara 
abla  to  usa  a  displaeanant  oil  aanonatar.  A  calibratad  inatrunant  was  provided 
by  MtC.  Tha  daviea  was  usad  to  adnit  a  known  quantity  of  gas  into  tha  ebanbar 
through  ona  of  tha  gas  input  planuns,  at  a  unifom  rata  datamlnad  by  tha  puling 
spaad.  Naasuranant  of  tha  tins  required  for  tha  gas  to  ba  adnlttad  with  a  stop 
watch  enabled  os  to  datamina  tha  nans  flow  rata.  Msasuranants  with  this  daviea 
and  its  accuracy  are  further  diaeussad  in  Appendix  D. 

•4 

At  ehabbar  prassuras  above  about  10  torr  the  nass  flow  rata  was 
large  enough  to  ba  naasured  with  Fischer  and  Fortar  Co.  Tri*flat  Flowratar  tubas. 
Considerable  difficulty  was  encountered  with  tha  repeatability  of  naasuranants 
with  a  l/16>inch  tiba  and  its  usa  was  avantoally  dlseontlnuad.  Good  results  were 
obtained  with  a  l/8>inch  tuba.  The  nanufactorar  elalns  an  accuracy  of  -f  2  percent 
of  full'scala  indication. 

3.  Onegatron  Unit 

An  Onagatron  Mass  Spaetronster  unit  was  usad  to  analyse  tha  gas  eon- 
position  in  tha  chasbar,  at  a  point  adjacent  to  condenser.  Although  this  type 
of  instrunant  has  bacons  increasingly  Inportant  for  ultra-high  vacuun  work,  wa 
found  no  eoanoreially  available  units  that  wara  "ready  to  usa".  Tharafora  a  unit 
was  assanblad,  checked  out  and  installed  under  this  contract.  A  block  diagran 
of  tha  unit,  in  which  various  co^ponants  are  identified,  is  shown  in  Figure  7. 

The  Onegatron  tuba  and  the  pamanent  nagnat  (nada  by  Laybold)  wara  supplied  by  IBC. 
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They  elio  designed,  built,  end  furnished  the  pover  supply  for  the  tube.  The 
oscilletor,  eag)lifier  end  strip  chert  recorder  were  stenderd  units  end  were 
eveileble  et  ADL.  Reek  awunting  end  electrical  hook-up  of  the  conponents  end 
check-out  of  the  unit  with  the  tiAe  on  a  separate  vacuum  system  was  carried 
out  by  AOL  personnel. 

The  Omegatron  tube  and  an  ion  gage  (P2)  were  connected  to  the  cryo- 
punping  chamber  on  a  coamnn  tubulation.  A  stainless  steel  tube  was  inserted 
into  the  tubulation,  inside  the  chamber,  as  shown  in  Figure  4,  so  that  the 
Omegatron  samples  gas  from  a  point  inside  the  LII2  radiation  shields  and  adjacent 
to  the  20  K  condenser. 

A  heating  tape  was  used  to  bake-out  tKe  glass  tube  at  400-500  f ; 
the  metal  elements  were  outgassed  at  higher  (dull  red)  temperatures  with  an 
RF  induction  heating  coil. 


1.  DIFFOSIOH  FUMP  8Y8T1M 


The  diffusion  pumping  system  in  order  of  proceeding  downstream,  con¬ 
sisted  of  a  10-inch  MRC  optical  baffle  cold  trap  (LN,  cooled) ,  an  IRC  H-10-8P  dif¬ 
fusion  pump,  an  MRC  3- inch  gate  valve,  an  MRC  H-2-SP^dif fusion  pump  and  a  5  CFM 
forepump.  Placement  of  the  3-inch  gate  valve  downstream  of  the  lO-inch  pump 
avoided  its  exposure  to  the  ultre-high  vacuum  in  the  chamber.  The  valve  enabled 
us  to  isolate  the  chairiier  from  the  pumping  system.  The  lO-inch  pump  could  not 
be  operated  with  the  valve  shut  but  the  2-ineh  pump  could  be  kept  running. 


F.  SOLAR  SOORCl 

A  solar  source  unit,  constructed  as  part  of  the  project,  was  used  to 
irradiate  the  array .with  simulated  solar  energy.  It  has  been  fully  described 
in  Progress  Reports The  source  was  a  1000-watt  Hanovia  lenon-lisrcury  bulb. 

A  schematic  diagram  of  the  unit  showing  the  optical  arrangement  for  irradiating 
the  array  is  presented  in  Figure  8.  Figure  9  is  a  photograph  showing  the  unit 
in  operation. 

The  output  from  the  solar  sourca  arriving  at  the  array  was  con¬ 
siderably  less  than  anticipated.  The  beet  loed  tests  which  will  be  described 
(Section  VII)  revealed  that  about  50  to  60  watts  were  delivered  to  the  use  point. 
Thus,  the  over-all  efficiency  of  the  source  and  transmission  system  was  only 
about  5-6  percent. 
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C.  INFRARED  SOOTCB 


A  GB  250-watt  haat  latgp  waa  uaad  aa  an  Infrarad  aourca.  It  wai  mounted 
Inalda  the  chanbar  ao  that  it  irradiated  the  chevrons.  Figure  10  shows  the  lamp 
arrangement,  as  viewed  looking  upstream  from  the  array  (the  array  has  been  reawed; 
the  lamp  is  in  the  tipper  center).  The  manufacturer's  literature  shows  that  its 
output  has  a  maximum  intensity  at  a  wavelength  of  about  1.3  microns.  The  lamp 
produced  some  50-60  watts  of  IR  irradiation  on  the  chevrons. 


H.  BAKE-OUT  QFMI 


It  was  initially  thought  that  bake-out  of  the  chamber  would  be  required 
to  achieve  t^  low  ultimate  pressure  required  for  making  good  pumping  speed  measure- 
Mnts  at  10  torr.  The  oven  shown  in  Figure  11  was  constructed  for  such  bake-out. 
It  was  designed  so  that  it  could  bo  rolled  into  place  around  the  chamber.  Elec¬ 
trical  heaters  mounted  along  its  wall  and  a  circulation  fan  can  be  seen  in  the 
photo.  The  head  of  the  vacuum  tank  was  not  intended  to  be  baked  out,  due  to  the 
numerous  penetrations  in  it.  The  doors  to  the  oven  fit  around  the  tank  at  a 
position  adjacent  to  the  main  flange.  During  bake-out  the  "(F*  ring  seal  for  the 
main  flange  was  cooled  by  water  flawing  through  jackets  adjacent  to  the  flange. 

We  found  in  early  runs  that  a  sufficiently  low  ultimate  pressure  could 
be  reached  without  bake-out,  so  that  except  for  a  few  tests  early  in  the  progrem, 
bake-out  was  not  used. 
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IV.  CRYOPUMPIMS  or  NITtOCBN 


A.  OBHBBAL 

The  vepor  pressure  of  N,  et  20  K  Is  about  10*^^  torr^^\  At  any  higher 
pressure,  the  gas  will  be  cryopunpea  on  the  20  K  condenser.  The  rate  at  which 
nitrogen  will  be  pumped  in  the  free  molecule  flow  regime  is  most  effectively  de¬ 
scribed  by  the  "capture  probability"  of  the  array;  that  is,  the  fraction  of 
molecules  incident  on  the  array  which  pass  through  the  chevrons  and  are  condensed 
on  the  20  K  surface  without  rebounding  back  into  the  space  upstream  of  the  chev¬ 
rons.  As  we  will  show,  this  quantity  is  directly  related  to  the  more  familiar 
"pumping  speed". 

Our  approach  has  been  to,  first,  experimentally  determine  the  pumping 
speed,  and  then,  using  the  results  of  analysis,  to  deduca  the  array  capture  pro¬ 
bability  and  the  condenser  sticking  coefficient.  We  define  the  pumping  speed,  in 
terms  of  the  upstream  gas  density  indicated  by  gage  PI  or  P6  (Figure  4)  as  fol¬ 
lows: 

W 

1)  0  - 

^  m  n 

P 


Where  0  is  the  puii|>ing  speed,  W  is  the  mass  flow  rate,  m  is  the  mass  of  a  mole¬ 
cule  am  n  is  the  molecular  density  of  gas  upstream  of  the  array  indicated  by 
the  probe. ^  Assuming  the  gas  inside  the  probe  is  an  equilibrium  gas  at  the  probe 
temperature,  T  ,  and  that  it  has  a  pressure,  P  ,  we  find  that: 


2)  "p  k  T 


where  k  ••  Boltxmann's  constant  so  that 


3)  Op  - 


W  k  T 

_ E 

m  P 


B.  PUKPIWC  SPBBP 


Experimental  determination  of  the  pumping  speed  defined  by  Equation 
(3)  necessitated  measurement  of  P  ,  (with  gage  PI  or  P6)  and  W  as  described  in 
Section  IIl-D;  T  was  taken  to  bS  530  R.  When  the  orifice  technique  was  used  for 
determining  W,  tlft  equation  for  mass  flow  was 


W  -  K  P  A 

4)  o  o 


•  nzT 

\J  2  Tf  k  T 


13 


wher* 


Henet, 


K  ■  Clausing' 8  correction  factor  for  orifice  plate  thickness 

P  >  Pressure  upstream  of  the  orifice 
o 

A  <■  Area  of  the  orifice 
o 

■  Temperature  of  gas  upstream  of  the  orifice 
the  pumping  speed  can  be  obtained  from 


We  assumed  that 

T  -  T  -  T  -  530®R 
P  o 

and  reduced  (5)  to: 


Thus,  maasurament  of  P  and  P  enables  us  to  datamlna  the  pumelng  spaed. 

o  p 

In  the  axparlmants,  prior  to  the  beginning  of  each  run  tba  chamber 
was  pen^tted  to  reach  an  ultimate  pressure  which  was  generally  below  about 
5  X  10~^  torr.  All  Ion  gages  were  outgassed  and  background  pressure  readings 
recorded.  Then  a  constant  mass  flow  rate  of  gas  was  Introduced  through  one  of 
the  gas  Input  plenum  chambers  (Figure  4).  The  flow  was  controlled  by  a 
Granvllla-Phllllps  metering  valve  (▼.  cr  V.  In  Figure  3).  A  steadystate  pres* 
sure  was  established  in  the  chamber  almost  Ismmdlately  and  presaure  and  flow  rate 
measurements  wars  made.  Than  the  flow  rate  was  Increased,  a  new  steady-state 
pressure  reached,  and  another  set  of  readings  taken.  The  process  was  repaated. 
until  msasurementa  over  the  entire  presaure  range  of  interest  (up  to  about  10*'’ 
torr)  were  completed.  In  the  reduction  of  the  data,  the  background  pressure 
reading  on  each  gage  prior  to  the  admission  of  the  steady-flow  rate  of  nitrogen 
was  subtracted  from  subsequent  readings  taken  while  gas  flowed  Into  the  chaaber. 
This  practice  was  baaed  on  the  reasoning  that  we  desired  to  measure  only  the  con¬ 
tribution  to  pressure  of  the  nitrogen  bled  Into  the  system.  In  moat  eases  tte 
correction  on  the  measured  pressure  was  small  for  pressures  greater  than  10  ^  torr. 
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The  experimentally  determined  pumping  speed  of  the  array  Is  shown  as 
a  function  of  the  upstream  pressure  In  Figure  12.  The  method  by  which  the  mass 
flow  rate,  W,  was  measured  Is  Indicated  by  the  key  on  the  figure.  The  values  of 
PI  and  P6  at  a  particular  flow  rate  agreed  fairly  well  over  the  entire  pressure 
range,  which  Indicates  that  the  flow  Into  the  array  was  uniform.  Both  the  pres¬ 
sure  upstream  of  the  array  and  the  pumping  speed  shown  in  Figure  12  are  based  on 
the  measurements  made  with  gage  PI. 

In  Appendix  D  an  estimate  of  the  uncertainty  Intervals  associated 
with  Ion  gage  readings  and  with  measuramant  of  mass  flow  rate  by  the  displace¬ 
ment  oil  nanometer  technique  and  by  the  orifice  technique,  are  made.  These  es¬ 
timates  suggest  that  the  pumping  speed,  when  based  on  the  mass  flow  Indicated 
by  the  displacement  oil  manometer,  would  have  an  uncertainty  Interval  of  about 
■f  42  percent.  When  the  orifice  technique  Is  used,  the  uncertainty  Interval  would 
be  about  -f  57  percent. 

The  da^  show  the  puaiplng  speed  to  be  essentially  constant  at  pres¬ 
sures  below  5  X  10*''  torr.  At  pressures  higher  than  10*^  torr,  the  puwlng 
speed  Increases  rapidly  with  pressure.  At  a  pressure  level  of  5  x  10*  torr, 
the  mean-free  path  of  nitrogen  equals  the  spacing  between  the  chevrons.  As 
this  pressure  Is  approached,  the  flow  begins  to  depart  from  free  molecular; 
the  Increase  in  pumping  speed  at  higher  pressures  Is  associated  with  this  de¬ 
parture.  As  the  flow  becomes  more  like  a  continuum  flow,  mass  motion  becomes 
appreciable,  and  higher  pumping  speeds  result. 

Tests  smda  early  In  the  experimental  program  Indicated  that  the 
presence  of  condensate  on  the  20  K  condenser  had  little  effect  on  the  pumping 
spaed.  Tha  Ion  gages  used  for  pressure  naasuramsnt  had  not  been  calibrated  so 
that  the  data  obtained  did  not  yield  absolute  values  of  the  pumping  speed.  How¬ 
ever,  the  data  were  quite  reproducible  and  enable  valid  comparisons  of  results 
from  ons  test  to  the  next.  The  results  of  the  early  tests  are  shown  In 
Figure  13.  In  order  to  avoid  confusion  we  plot  only  a  "relative  pumping  speed", 
with  no  absolute  value. 

In  these  tests,  all  mass  flow  determinations  were  made  with  the 
orifice  technique.  In  tests  No.  I,  2  and  3  all  cryogenic  surfaces  were  at 
operating  temperatures  and  Initially  free  of  deposits.  Test  No.  4  was  run  after 
about  3  lbs.  of  nitrogen  had  been  deposited  on  the  condenser  (by  Introducing  a 
mass  flow  input  to  the  chaal>er  of  about  1.5  lb /hr.  for  two  hours).  The  frost 
deposit  was  readily  visible  to  the  naked  eye  and  appeared  as  a  smooth  white  coat¬ 
ing  on  the  condenser.  As  may  be  seen  from  the  data,  the  presence  of  the  deposit 
had  little  effect  on  the  pusping  speed.  In  Test  No.  5  the  chevron  shields  were 
uncooled;  the  condenser  was  thoroughly  clean.  Again,  no  substantial  difference 
in  pumping  speed  was  observable  from  the  data. 
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During  pumping  spend  meesuremcnts  et  very  low  pressure  the  condenser 
was  always  malntainad  at  or  below  20  K.  In  one  test  the  effect  of  condenser 
tenperature  on  tha  prassure  upstream  of  tha  array  and  the  pumping  speed  vas 
clearly  deownstrated.  With  a  constant  Input  mass  flow  rate  of  4.1  x  lo'^  scc/sec.« 
the  condenser  temperature  was  varied  from  19  to  25  K.  Data  points  for  the  in¬ 
crease  In  pressure  (  A  PI)  indicated  by  gage  PI  and  the  pumping  speed  based  on 
Its  indication  are  plotted  against  condenser  ten^erature  In  Figure  14.  The 
figure  shows  that  as  the  condensar  temperature  was  Increased  above  21  K,  the  up¬ 
stream  pressure  began  to  rlsa  and  the  pumping  speed  began  to  drop. 

Tha  solid  curves  shown  in  the  figure  were  calculated,  tfe  would  ex¬ 
pect  the  Increment  In  tha  presaure  sensed  by  PI  due  to  the  vapor  pressure  of  the 
solid,  P  •  at  the  condenser  temperature,  T2,  to  be  equal  to 


where  T  is  the  probe  temperature.  The  probe  will  Indicate  a  pressure  Increment 
higher  Chan  the  vapor  pressure  because  of  the  transpiration  effect.  The  solid 
curve  In  Figure  14  narked  /T  ’  was  calculated  from  solid  vapor  pressure 

data^^^:  we  assumed  that  T  ■  530  R.  Then,  the  calculated  Increswnt  In  up¬ 

stream  pressure,  together  with  the  measured  upstream  pressure  corresponding  to 
a  condensar  temperature  less  than  20  K  (4.2  x  lo'°  torr)  was  used  to  compute 
the  pumping  speed  versus  condenser  temperature  curve.  The  close  agreement  be¬ 
tween  calculated  and  experimental  results  shows  that  the  effect  of  condenser 
tesperature  on  performance  Is  readily  predictable. 


9  ^1P  rowKH  mcKmc  cckffichiii 

The  capture  probability,  G  ,  Is  a  more  basic  property  of  the  array 
than  Its  pusping  speed.  The  pumping  ^Md  depends  on  the  definition  of  an  up¬ 
stream  density  or  pressure.  When  G  is  close  to  unity,  the  molecular  flux  Into 
the  array  can  greatly  exceed  that  rlboundlng  from  the  array  and  the  gas  upstream 
of  Its  inlet  differs  considerably  from  an  ''equlllbrlumr'  gas.  Usual  definitions 
of  pressure  and  density  are  not  very  useful  under  these  conditions.  For  that 
reason  wo  used  the  density  sensed  by  an  open-ended  probe  with  a  particular  In¬ 
let  orientation  (opening  pointing  across  the  flow)  In  our  definition  of  pumping 
speed  (Bquatlon  1).  This  complexity  of  definition  can  be  avoided  If  we  use  the 
capture  probability  to  doscrlbe  the  pumping  effectiveness  of  the  array. 

In  Appendix  A,  the  pressures  upstrsam  of  a  planar  cryopuaplng  array 
that  would  be  Indicated  by  an  open-ended  probe  with  various  Inlet  orientations 
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are  related  to  the  mass  flow  rate,  the  probe  tenperature  and  the  capture  pro¬ 
bability.  An  expression  Is  also  developed  which  relates  the  punplng  speed 
to  the  capture  probability.  The  analysis  Is  based  on  the  free  molecular  flow 
from  a  planar  gas  source  to  a  parallel  planar  sink.  The  conditions  in  the  ex¬ 
periments  can  be  likened  to  the  simple  case  analyzed  In  Appendix  A  If  we  think 
of  the  chevron  Inlet  plane  as  a  pumping  plane,  and  the  flow  distributing  screens 
as  a  planar  gas  source,  both  with  areas  equal  to  the  cross  sectional  area  of  the 
cylindrical  tank  (see  Figure  4).  Then  the  Inlet  to  the  Ion  gages  Pi  and  P6, 
are  positioned  similarly  to  that  of  the  probe  In  Case  B,  Appendix  A  and  the  pump¬ 
ing  speed,  based  on  the  upstream  gas  density  sensed  by  PI  or  P6,  Is  related  to 
the  capture  probability  of  the  puiiq>lng  plane,  G  ,  by 
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where  G  Is  the  capture  probability  of  the  pumping  plane  and  A  Is  the  area  of 
the  pum^tng  plane.  The  capture  probability  of  the  array  alone?^G  ,  Is  slnqily 
related  to  the  capture  probability  of  the  pumping  plane  by 
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where  A  ■  array  Inlet  area.  The  cross  section  area  of  the  tank,  A  ,  equals 
7.07  square  feet,  and  the  Inlet  area  to  the  array,  A  ,  equals  3.25  sqBSre  feet, 

A 

so  that  ^pp  .  2  17 


Perhaps  the  most  basic  quantity  relating  to  the  condensation  process 
Is  the  sticking  coefficient,  f,  of  the  condenser.  In  Appendix  B,  a  relationship 
la  derived  which  relates  G  ,  the  array  capture  probability  to  F|,the  probability 
that  a  molecule  Impinging  Sn  the  chevrons  shield  would  pass  through  without  re¬ 
bounding,  parcent  open  area  of  the  condenser,  and  f  the  sticking  coz. 

efficient  of  the  20  K  condenser.  In  the  experimental  array  g. equals  and 

g.  equals  0.25.  For  these  values  the  capture  probability  Is  related  to  the 
sticking  coefficient,  as  shown  by  Figure  15.  Thus,  Equations  7  and  8  and 
Figure  15  relate  the  experimentally  determined  pusq>lng  speed  to  the  array  capture 
probability  and  the  condenser  sticking  coefficient.  Capture  probabilities  and 
pumping  speeds  corresponding  to  values  of  f  from  0.4  to  1.0  are  tabulated  below: 
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CALCUIATID  imCT  OT  COMDimiR  STlCKlin  cowncuiiT 
OH  THl  BXPimgMlALLT  MIMMUBP  POMPIIC  SPUD  FOR 


2  G 


-  CFi/£t* 


>  crt 


-  CF8/£t* 

taSIEL _ 


0.4 

.177 

.0814 

.0848 

32.9 

232 

71.4 

0.5 

.190 

.0873 

.0913 

35.4 

249 

76.6 

0.6 

.200 

.0920 

.0965 

37.4 

263 

80.9 

0.7 

.209 

.0961 

.1010 

39.2 

276 

84.9 

0.8 

.216 

.0993 

.1045 

40.5 

285 

87.7 

0.9 

.222 

.1020 

.1075 

41.7 

293 

90.2 

1.0 

.226 

.1040 

.1098 

42.6 

300 

92.3 

CcnpArlfon  of  th«  puaolng  spood  valuos  in  tho  tabl*  to  tho  •xporlnontal  rosulti, 
Figuro  12,  ••tabllshc*  •  rang*  of  array  eaptura  prdbabllitlat  and  eondanaar  atick- 
Ing  eoafflciants.  ^In  Flgur*  12  aost  of  th*  puaplng  apoad  data  point*  balov  a 
praaaur*  of  5  x  10*^  torr,  fall  batwaan  232  and  276  ef*  eorraapondlng  to  atleking 
eoafflelanta,  f,  of  batwaan  0.4  and  0.7  (a*  ahown  in  Flgur*  12),  eaptura  pro* 
babilltlaa,  6,  of  batwaan  0.177  and  0.209,  and.puaiplng  apaad*  par  unit  araa  of 
array  of  batwaan  71.4  and  84.9  cu.  ft./**c./ft  . 

It  ia  appropriat*  to  nota  bar*  th*  variation*  in  tb*  praaaur*  indicatad 
by  an  opan-andad  prob*  upatraaa  of  a  planar  array  of  larg*  axtant,  that  can  b* 
cauaad  by  th*  oriantation  of  th*  prob*  inlat.  Froa  lquation*(5)  (6)and(7)of  Ap- 
pandix  k  w*  aa*  that  for  a  givan  aaa*  flow  rat*  and  prob*  tai^paratura,  P  ia  pro¬ 
portional  to  th*  factor*  liatad  balow:  ^ 
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Inlet  Ori«nt> tlon 
Upitrean 


Proportional  to 
thte  factor 


Across  the  flow 


Downstream 


Value  of  factor 
for  0  -  0.2 

5.00 

4.50 

4.00 


Thus,  when  G  Is  relatively  low,  as  It  was  In  our  experlaents  with  nitrogen,  the 
Influence  of^probe  orientation  on  Indicated  pressure  would  not  be  great.  As  G 
approaches  unity  the  Influence  becomes  more  pronounced. 
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V.  CRYOPUMPIMG  OT  CA8BON  DIOnDB 


A.  GEHSRAL 

“8 

The  vepor  preesure  of  CO.  at  77  K  le  about  1.5  x  10  torr'  At  any 
higher  pressure  it  would  be  eryopunpid  on  the  chevrons.  Pumping  rates  and  capture 
probabilities  for  CO,  should  be  typical  of  those  attainable  with  gases  that  would 
be  cryopuaped  on  the^cbevrons.  High  rates  are  expected  due  to  the  uninpedad  gas 
flow  to  the  chevrons. 


B.  EFFECT  or  SOLID  DBP06IT  AMD  PRB8SUBB  UKVIL  ON  PUMPIMB  lATl 

Tests  made  early  in  the  exparimantal  program  suggested  that  a  high  pump¬ 
ing  speed  for  CO,  was  not  davalopad  until  a  certain  amount  of  deposit  had  formed  on 
the  chevrons.  Quantitative  measurements  of  this  phenomena  ware  later  made  in  two 
tests. 


The  first  test  consisted  of  two  runs.  In  the  first  run,  the  ehaiAer 
was  pumped  to  the  low  10~^  torr  range,  with  the  diffusion  pumps  running  and  with 
the  20  K  condenser  and  the  liquid-nitrogen  cooled  surfaces  at  operating  tampara- 
tures.  No  deposit  was  present  on  the  chevrons  at  the  start.  The  pumping  spaed 
for  CO,  was  measured.^in  the  same  way  as  in  the  N,  tests.  Section  IV-B)  over  the 
pressure  range  of  10  to  about  4  x  10*’’  torr.  By  running  the  test  with  the  dif¬ 
fusion  pumps  and  the  20  K  condenser  operative,  we  avoided  any  accumulation  of 
gases  non-condensable  at  the  chevron  temperature  (77  K).  The  data  obtained  from 
this  run  is  shown  in  Figure  16  (Bun  #1).  Both  the  orifice  technique  and  the 
displacement  oil  manometer  technique  were  uaed  to  measure  the  mass  flew  rate  as 
indicated  on  the  figure.  The  pressure  upstream  of  the  array  was  measured  by  gage 
PI.  As  can  be  seem  from  the  figure,  the  pumping  speeds  were  of  the  same  order  of 
magnitude  as  those  obtained  with  nitrogen  until  higher  pressures  were  reached 
and  it  appears  that  CO,  was  not  affectively  pumped  by  the  chevrons.  After  the 
run,  a  flow  rate  of  CO,  was  admitted  to  the  tank  for  a  period  of  five  sdnutes  to 
form  a  further  deposition  the  chevrons.  The  CO,  flow  was  stopped  and  tha  tank 
allowed  to  come  to  its  ultimate  vacuum. 

With  the  deposit  on  the  chevrons,  the  ultimate  vacuum  was  only  about 
2.2  X  10  torr  as  measured  bY^Pl,  a  level  slightly  higher  than  tha  vapor  pres¬ 
sure  of  CO,  at  77  K  (1.5  X  10  torr).  Ona  would  expact  tha  pressure  indicated 
by  PI  to  be  higher  than  the  vapor  pressure  because  of  the  transpiration  effect 
associated  with  tha  warm  (room  teeiperature)  gage.  A  second  run  was  now  made  to 
detarmine  pumping  spaed  versus  pressure  as  in  the  first  run.  The  data,  shown  in 
Figure  16  (Run  #2) ,  clearly  indicate  the  effect  of  pressure  level  on  pushing 
speed.  The  pumping  speed  goes  from_0  at  the  vapor  prsssure  of  CO,  to  very  high 
values  at  pressures  greater  than  10  torr.  With  no  gas  input,  tRa  chamber  was 
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•t  the  vapor  pressure;  the  absolute  evaporation  rate  from  the  solid  deposit 
exactly  equaled  the  absolute  condensation  rate  of  the  gas  and  the  net  pumping 
speed  was  0.  As  gas  flow  was  Introduced,  the  pressure  In  the  chamber  exceeded 
the  vapor  pressure,  the  rate  of  condensation  exceeded  the  rate  of  evaporation, 
and  cryopumplng  commenced.  The  pumping  speeds  observed  In  this  run  were  much 
higher  than  those  observed  In  the  run  without  deposit  on  the  chevrons  and  we 
are  let  to  the  conclusion  that  high  pumping  spaeds  are  developed  only  after  a 
substantial  deposit  Is  formed  on  the  condensing  surface.  This  conclusion  was 
given  further  credence  by  the  next  test. 

The  second  test  was  begun  with  the  chevrons  free  of  deposit.  A  CO. 
flowrate  of  0.15  scc/sec.  was  Initiated;  the  pressure  In  the  changer  was  6  x  ^ 

10  ”  torr  as  Indicated  by  a  nude  Ion  gage  in  the  same  axial  plane  as  PI  and  P6 
(see  Section  III-B) .  The  flow  rate  was  held  constant  and  the  pressure  upstream 
of  the  array  was  monitored  as  a  function  of  time.  The  results  are  shown  In 
Figure  17,  a  plot  of  the  pressure  Indicated  by  the  gage  versus  time.  The  data 
show  the  effect  of  deposit  thickness  on  the  puiqplng  rate  for  CO.,  since  the  de¬ 
posit  thickness  can  be  considered  proportional  to  the  time  scale.  After  about 
eight  minutes,  the  pressure  decreased  rapidly  to  a  level  of  about  1.5  x  10~  torr 
and  remained  fairly  steady  at  that  level  for  the  remainder  of  the  test. 


C.  BFFBCT  or  PROBE  INLBT  ORIKHIATION  OH  IHDICATBD  PRESSURE 

With  CO.  being  cryopuiqped  by  the  chevrons,  we  would  expect  a  high 
capture  probability^ and  a  strong  departure  from  equilibrium  gas  conditions  up¬ 
stream  of  the  array.  This  situation  Is  Ideal  for  observing  the  effect  of  probe 
Inlet  orientation  on  pressure  Indication  because  the  effect  should  be  rather 
pronounced.  To  Investigate  the  effect,  the  directional  probes  shown  In 
Figure  18  were  fitted  on  to  FI  and  P6.  The  tubes  fitted  snugly  Into  the  Ion 
gage  Inlets  to  prevent  leakage.  The  opening  In  the  probe  on  PI  pointed  upstream; 
that  on  P6  pointed  downstream.  The  probes  were  made  of  stainless  steel  and  were 
thoroughly  cleaned  on  the  Inside  to  minimise  the  effect  of  outgasslng  on  the 
pressure  indications.  Before  the  test,  the  chevrons  were  coated  with  a  0.7  gm 
00,  deposit.  The  chamber  was  permitted  to  reach  Its  ultimate  vacuum  and  the  run 
was  coassnced.  The  pressures  Indicated  by  PI  and  P6  with  their  directional  probes, 
are  shown  In  Figure  19,  a  plot  of  pressure  versus  CO2  mass  flow  rate.  The  dif¬ 
ference  between  the  pressure  Indicated  by  the  probe  with  Its  Inlet  pointed  upstream 
and  that  with  Its  Inlet  pointed  downstream.  Is  readily  observable.  The  fact  that 
the  ratio  of  these  two  pressures  at  levels  above  10*°  torr  exceeds  10,  shows  the 
extresw  Importance  of  the  orientation  of  the  gage  Inlet. 
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D.  ARIAY  CAPTURB  PRCMABILITY 


The  results  of  the  test  with  directional  probes  can  be  used  to  es¬ 
timate  the  capture  probability  of  the  array  for  CO2.  We  make  use  of  the  expressions 
relating  the  pressures  indicated  by  an  open-ended  probe,  with  various  inlet  orien¬ 
tations,  to  the  array  capture  probability,  derived  in  Appendix  A.  As  in  our  dis¬ 
cussion  of  the  results  of  the  teats  with  nitrogen,  we  consider  the  flow  distri¬ 
bution  screens  as  a  source  plane,  and  the  plane  in  which  the  edges  of  the  chevrons 
lie  as  a  sink  plane.  As  can  be  seen  in  Figure  16,  the  inlets  to  the  probes  on  PI 
and  P6  were  approximately  in  the  middle  of  the  tank.  Hence,  these  probes  sense' 
the  local  mass  fluxes  imnediately  upstream  of  the  center  of  the  array.  The  fact 
that  the  array  does  not  fill  the  entire  cross  section  of  the  tank  should  have  re¬ 
latively  little  influence  on  these  local  mess  fluxes.  Thus,  the  mass  fluxes  sensed 
by  the  probes  on  PI  and  P6  should  be  those  associated  with  the  capture  probability 
of  the  array  proper  rather  than  with  the  capture  probability  of  the  pUB|>ing  plane. 
The  pressure  sensed  by  the  probe  with  its  inlet  pointed  upstream  is  related  to 
the  mess  flux  and  the  array  capture  probability  by  the  following  equation: 
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The  pressure  indicated  by  the  probe  with  its  inlet  pointed  downstream  is  given  by: 
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The  equations  may  be  combined  to  yield: 
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The  temperatures  and  pressures  in  the  vicinity  of  the  openings  of  the  probes  on 
gages  PI  and  P6  should  be  used  in  the  equations.  These  tesperatures  were  not 
measured.  We  can  only  surmise  that  they  were  somewhere  between  room  temperature 
and  77  K,  and  because  both  probes  had  the  same  geometry,  that  their  temperatures 
at'^similar  points  were  about  the  same.  The  pressures  indicated  by  the  ion  gages 
would  differ  from  those  existing  inside  the  probe  near  the  opening,  doe  to  the 
thermal  transpiration  effect  in  the  probe  tube.  But  for  probes  with  siadlar 
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temperature  dletrlbutlons  we  would  expect  that  the  ratio  of  gage  readings, 
P6/P1,  would  equal  the  ratio  (P  )  /  (P  ) 

pc/  PA 

By  this  reasoning 


With  this  equation  and  the  measured  values,  P6  and  PI,  the  capture  probability  of 
the  array  for  CO.  may  be  computed.  The  results  are  tabulated  below  as  a  function 
of  the  pressure  indicated  by  the  probe  whose  inlet  was  pointed  upstream. 


TABLE  11  -  Array  Capture  Probability  for  CO2 


Probe  Pressure, 
Inlet  Upstream, 
PI  -  torr _ 


Array  Capture 
Probability  for  CO., 


4.6  X  10  '  0.70 

1.2  X  10’®  0.75 

3.1  X  10'®  0.74 

1.3  X  10'^  0.92 

2.0  X  10 0.94 

6.8  X  10‘^  0.93 


The  actua  00,  aticking  coefficient  on  the  chevrons  surfaces  would  be  less  than  the 
capture  probaoility  of  the  array  oeuauae  the  chevron  geoawtry  is  such  as  to  cause 
a  molecule  to  experience  sailtiple  bounces  before  its  return  to  the  vacuum  space 
upstream  of  the  array. 

From  the  observations  with  CO,  it  seems  likely  that  very  high  capture 
probabilities  will  be  exhibited  for  gases^that  will  be  cryopumped  by  the  chevrons. 
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I.  VAPOR  PRR88UBB  LIMITATION 


If  the  chevrons  ere  melntelned  et  77  K,  CO,  will  be  cryopuaped  by  them 
at  any  pressure  greater  than  about  1.5  x  10'°  torr.  In  certain  Instances,  this  may 
prove  to  be  a  disadvantage.  For  example,  consider  a  chaniber  under  test  In  which, 
from  time  to  time,  high  partial  pressures  of  CO,  occur  so  that  deposits  would  form 
on  the  chevrons.  Even  If  all  other  gas  Inputs  to  the  chamber  were  eliminated  sub¬ 
sequent  to  the  deposition  of  CO,,  the  pressure  level  In  the  chaiid>er  could  not  be 
brought  below  1.5  x  10*  torr  until  all  the  CO,  deposits  were  evaporated.  In  time, 
the  CO,  would  evaporate  from  the  liquid-nitrogen  cooled  chevrons  and  be  re-deposlted 
on  the^20  K  condenser,  but  the  rate  of  this  evaporation  and  re-condensatlon  would 
be  very  low.  It  would.  In  fact,  correspond  to  the  nunber  of  molecules  striking  a 
unit  area  of  surface  per  unit  time  from  an  equilibrium  gas  cloud  of  0^2  at  77  E 
and  at  the  vapor  pressure  corresponding  to  the  temperature  (1.5  x  Ic'^  torr).  If 
the  CO,  had  been  deposited  at  a  rate  corresponding  to  a  partial  pressure  In  the 
chand>er  of  about  10  torr.  It  would  take  approximately  six  hundred  times  as  long 
for  the  solid  on  the  chevrons  to  evaporate  as  It  did  to  accuiBulata. 

The  situation  can  be  avoided,  by  operating  the  chevrons  at  a  high 
enough  temperature  to  prevent  the  cryopumplng  of  CO,  at  partial  press^^res  commonly 
encountered  In  the  chamber.  At  98  K  the  vapor  pressure  of  CO,  is  10  torr.  Thus, 
operation  of  the  chevrons  at  that  level  would  prevent  CO,  from  being  cryopumped  at 
any  pressure  below  10~  torr.  It  would,  of  course,  be  cl^opumped  by  the  20  K  con¬ 
denser.  Although  the  rate  of  CO,  resnval  would  be  substantially  reduced  from  that 
which  might  be  achieved  by  cryop&qtlng  on  the  chevrons,  the  ultimate  pressure 
attainable  subsequently  would  not  be  limited  to  the  1.5  x  10  °  torr  level.  In 
short.  In  tests  where  it  Is  likely  that  substantial  amounts  of  CO,  might  be 
sporadically  given  off  by  the  test  object,  and  where  the  chamber  must  be  operated 
for  most  of  the  tests  at  pressures  below  10**^  torr.  It  would  be  desirable  to  avoid 
cryopuqplng  the  CO,  on  the  chevrons. 


24 


VI.  MON-COKDBNSABU  REMOVAL  (H^) 


At  20  K,  hydrogen  and  neon  have  high  vapor  presaurea  (760  and  35  torr 
reapectlvely)  and  helium  will  not  even  eondenae.  Becauae  theae  gaaea  will  not  be 
eryopumped  at  the  20  E  level;  they  are  often  called  non-condenaablea.  Of  the 
three,  perhapa  hydrogen  la  the  moat  coimaon  one  In  ultra-high  vacuum  ayatema.  Al¬ 
though  hydrogen  la  not  almply  condenaed  at  the  low  operating  preaaurea  of  Interact 
hare,  recent  Inveatlgatlona  have  cuggeated  that  It  may  be  adaorbed  or  trapped^ by 
other  Impurltlea  froaen  out  on  a  curface  at  temperaturea  between  8  and  20  . 

In  order  to  gain  aome  Inalght  Into  thla  poaalblllty  and  to  eatabliah  the  relative 
puaiplns  of  our  experimental  apparatua  for  non-condenaablea,  aevaral  teata 

were  run  In  which  hydrogen  wac  bled  Into  the  chamber  and  meaaurementa  almllar  to 
thoce  made  In  the  nitrogen  pumping  apeed  teata  were  carried  out. 

The  dlffualon  pumping  ayatem  deacrlbed  In  Section  III-B,  waa  Included 
primarily  for  the  removal  of  non-condenaablea.  Ita  apeed  for  gaaea  admitted  up- 
atream  of  the  chevrona  waa  conalderably  reduced  becauae  of  the  reatrlctlona  Im- 
poaed  by  the  chevrona,  the  condenaer,  the  back  ahlelda,  the  90°  elbow  and  the 
LN2  cooled  trap.  Aa  may  be  aeen  In  Figure  4,  the  flow  from  the  gaa  Input  point 
to^the  inlet  of  the  90°  elbow  wac  rather  tortuouc.  Thla  cltuatlon  waa  peculiar  to 
our  aet-up.  In  particular  to  the  arrangeoient  of  back  ahlelda  uaed  in  our  apparatua. 
It  need  not  exlat  In  other  chambera. 

In  the  flrat  teat,  with  the  dlffualon  pumpa  running,  the  chevrona, 
back  ahlelda  and  outer  ahlelda  were  cooled  with  LH2  to  77  K,  but  the  condenaer 
waa  not  cooled  by  helium  gaa  flow.  Conaequently,  the  tea|>erature  of  the  condenaer 
probably  reached  a  level  In  the  vicinity  of  100  K  by  radlatlon.coollng.  With  theae 
condltlona  the  ultimate  preaaure  achievable  waa  only  about  10~°  torr.  Measure- 
manta  of  the  pumping  speed  for  hydrogen  veraua  preaaure  led  to  the  data  Indicated 
by  the  circles  In  figure  20.  The  pumping  speed  shown  by  this  data  la  Indicative 
of  the  spaed  of  the  diffusion  pumping  system  as  restricted  by  the  array.  Next, 
a  test  was  conducted  In  which  the  condenser  was  held  at  a  temperature  below  13  K. 
Ikirlng  this  run  the  preaaure  In  the  chamber  waa  unsteady.  However,  readings 
were  taken  and  the  data  shown  by  the  squares  In  figure  20  la  based  on  these  read¬ 
ings.  In  a  subsequent  run,  with  the  condenser  at  20  K,  the  pressure  readings 
were  so  unsteady  that  It  was  not  possible  to  obtain  meaningful  data.  Consequently, 
a  run  with  the  condenser  at  30  K  was  carried  out.  The  pressure  readings  In  this 
final  run  were  quite  steady  and  led  to  the  data  shown  by  the  triangles  In 
figure  20. 

(9) 

It  la  Interesting  to  note  that  Brackman  and  flte  observed  a  rapid 
Increase  In  the  adsorption  of  hydrogen  by  frosen  water  vapor,  nitrogen  and  oxygen, 
as  the  temperature  of  the  cold  surface  waa  lowered  below  20  K.  It  la  entirely 
possible  that  the  unsteady  pressure  readings  observed  In  our  test  run  with  the 
condenser  at  that  temperature  level  were  caused  by  this  phenomena.  It  was  beyond 
the  scope  of  this  investigation  to  experiment  further  with  adsorption  or  trapping 
of  hydrogen. 
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Th«  test  apparatus  had  batn  daslgnad  so  that  the  pumping  speed  for 


hydrogen  would  be  ouch  less  than  that  for  nitrogen  or  CO.  and  figure  20  shows  that 
such  was  the  case.  During  puiqplng  speed  tests  with  nitrogen  and  CO.  It  was  de¬ 
sirable  to  nalntaln  the  diffusion  pusiplng  system  In  operation.  In  this  way  non- 
condensables  Introduced  Into  the  chasfear  with  the  Input  gas  were  continuously  re¬ 
moved  and  the  bulld-up  of  their  concentrations  during  the  course  of  a  pusiplng 


speed  run  was  prevented.  Aceuaailatad  non-condansables  can  Interact 
densabla  gas  flow  so  as  to  complicate  the  datemlnatlon  of  pumping  speed'*’  '' 


Though  a  substantial  pumping  speed  for  non-eondeneables  was  continuously  maln- 


talnedt  Its  magnitude  was  small  eoapared  to  the  speeds  of  the  system  when  eryo- 


pumplng  nitrogen  and  CO.,  and  thus  the  speeds  determined  for  those  gases  could 
be  attributed  only  to  tM  effect  of  cryopumplng. 
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VTT.  HIAT  LQM)S  OM  CIYOPAMlLi 


Th«  rafrlgsration  r«qulr«iMnts  at  20  K  and  77  to  100  K  ara  dapandant 
on  tha  haat  loads  on  tha  eryopanals  at  thoaa  tao  tanpAntura  lavals.  In  a  eha^ar 
wharain  tha  walls  ara  eovarad  by  cryopuaplng  array,  any  haat  input  to  tha  working 
spaea  Inslda  tha  array  is  absorbad  at  ona  of  tha  two  taoparatura  lavals.  To  nia> 
inisa  tha  cost  of  supplying  rafrigaration  it  will  bs  dssirabla  to  absorb  as  wueh 
of  tha  anargy  as  possibla  at  tha  77  to  100  K  laval.  Tha  fraction  of  irradiation 
on  ths  array  which  is  transwittad  to  tha  condansar  will  oftan  coaprisa  tha  aajor 
part  of  tha  rafrigaration  load  at  20  K;  banco,  it  wust  ba  known  if  tha  20  K  ra* 
frigaration  aourco  is  to  bo  sisad  with  confidanca. 

It  is  difficult  to  astiwata  tha  fraction  of  irradiation  transwittad 
to  tha  condansar  by  analytical  asthods  for,  in  ordar  to  waka  such  astisuitas,  tha 
surfaea  radiation  propartias  of  tha  panels  nust  ba  know]^  Thesa  propartias  can 
ba  nsasurad  in  tha  laboratory  undar  cartain  conditions but  evaluation  of  tha 
surface  radiation  propartias  undar  actual  operating  conditions  is  aatraaaly  dif¬ 
ficult.  Our  axpariaantal  haat  load  ■aasuraaants  ware  aiaad  at  datarwining  what 
percentage  of  incident  irradiation  will  ba  transwittad  to  the  20  K  condenser, 
during  operation  undar  typical  conditions. 

Tha  quantity  of  prinary  interest  is  tha  fraction  of  incident  irra¬ 
diation  which  reaches  tha  condansar,  4^/4^*  It  is  desirable  to  ascertain  this 
fraction  for  both  infrared  and  sioulatad  solar  irradiation  and  wa  have  ns da 
■easuranents  with  tha  two  sources  described  in  Sections  III-F  and  III-G.  Tha 
amount  of  incident  irradiation  was  determined  by  measuring  tha  boil-off  rata  of 
liquid  nitrogen  from  tha  coolant  tubas  in  tha  chevrons,  while  tha  transmitted 
irradiation  was  determined  from  measurement  of  tha  haat  load  on  tha  20  K  con¬ 
denser.  Tha  condenser  haat  load  was  ob talced  from  tha  maasuramant  of  tha  flew 
rata  and  tha  taaparatura  rise  of  tha  helium  gas  which  flowed  through  tha  condenser 
coolant  tubes.  Maasuramsnt  of  tha  low  flow  rates  and  small  taoparatura  rises  as¬ 
sociated  with  the  estreomly  small  heat  loads  on  the  condenser  posed  difficult 
problems  and  required  tha  special  instruoMntation  described  in  Section  III-C. 

Ihnerous  difficulties  ware  encountered  in  owking  the  beat  load 
measurements.  Because  they  nay  ba  common  in  axparimants  of  this  type,  it  seems 
worthwhile  mentioning  then  here.  They  included: 

1)  A  high  background  heat  load  on  the  condenser  caused  by  contact 
with  the  liquid-nitrogen  shields. 

2)  A  helium  leak  in  the  vacuum  Jacket  of  the  helium  calorimetric 
flowmeter  which  reduced  the  effectiveness  of  the  high-vacuum  insulation  around 
the  flowmeter  and  made  good  measurement  of  helium  flow  rate  impossible. 
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3)  Low  heat  Input  to  the  array  from  both  the  solar  and  Infrared 

sources. 

4)  Difficulty  In  controlling  and  measuring  liquid  nitrogen  boll- 
off  from  the  combined  chevron,  back-shield  circuit. 

In  early  heat  load  measurement  tests  the  background  heat  load  on  the 
condenser  was  about  5  watts.  With  this  high  background,  the  Incremental  loads  as¬ 
sociated  with  the  Introduction  of  solar  or  Infrared  Irradiation  could  not  be  dis¬ 
tinguished.  The  high  background  was  largely  caused  by  contact  between  the  con¬ 
denser  and  the  llquld-nltrogen  shield  surrounding  It.  When  this  contact  was 
eliminated  by  careful  positioning  (with  stainless  steel  guy  wires  and  appropriate 
jacking)  of  the  condenser  with  respect  to  the  llquld-nltrogen  shields,  the  back¬ 
ground  heat  load  was  reduced  from  5  watts  to  about  1.5  watts. 

The  helium  leak  In  the  calorimetric  flowmeter  was  located  and  repaired 
so  that  the  effectiveness  of  the  hlgh-vacuum  Insulation  was  improved.  Prior  to 
Its  repair,  the  Insulation  produced  by  the  best  vacuum  that  could  be  attained 
(In  the  l-mlcron  range)  was  poor.  As  a  result  the  background  heat  Input  to  the 
calorimetric  flowmeter  was  so  large  that  accurate  flowrate  measurements  were  Im¬ 
possible. 


In  Initial  tests  Infrared  Irradiation  was  produced  by  warming  the  end 
of  the  tank  upstream  of  the  chevrons  with  heat  lamps.  An  Incremental  heat  load  on 
the  chevrons  of  only  about  20  to  30  watts  was  produced  and  no  significant  change 
In  the  condenser  heat  load  was  observed.  In  later  tests  the  IR  source  shown  In 
Figure  10  was  utilised.  With  this  arrangement,  an  Incremental  heat  load  of  SO  to 
60  watts  was  obtained.  The  solar  source  shown  in  Figure  9  generated  only  enough 
output  to  Impose  a  load  of  about  60  watts  on  the  chevrons.  The  fraction  of  Ir¬ 
radiation  transmitted  to  the  20  K  condenser  was  sufficiently  small  that  with 
these  power  levels,  the  Incremental  heat  load  on  the  condenser  was  difficult  to 
discern. 


The  difficulty  In  controlling  the  llquld-nltrogen  flow  to  the  chevron 
and  back-shield  circuit,  stemned  from  the  necessity  of  maintaining  the  exhaust 
temperature  slightly  In  excess  of  the  boiling  temperature  so  as  to  Insure  that  no 
liquid  was  carried  over  from  the  chevrons  Into  the  exhaust  warm-up  tube.  If  carry¬ 
over  occurred,  vaporisation  of  liquid  In  the  warm-up  tube  would  produce  an  apparent 
boll-off  rate  considerably  In  excess  of  the  true  boll-off  rate.  Our  approach  was 
to  monitor  the  temperature  In  the  exhaust  line  and  to  control  the  flow  Input  to  the 
shields  so  as  to  maintain  the  exhaust  temperature  at  about  80-90  K.  Precise  con¬ 
trol  was  found  to  be  quite  difficult,  probably  because  of  the  two-phase  flow  In  the 
coolant  tubes. 

Even  though  considerable  effort  was  expended  In  refining  heat  load 
measurement  techniques,  accurate  determinations  of  heat  loads  were  not  possible. 
However,  data  of  a  semi -quantitative  nature  was  obtained  which  gives  a  good 
Indication  of  the  magnitude  of  the  heat  loads,  which  may  be  expected.  The 
results  of  our  best  measurements  are  shown  in  Table  111. 
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The  vacuum  In  the  chamber  for  all  theae  teats  was  In  the  range  of 
10'^  torr,  ao  that  tha  heat  transferred  by  gas  conduction  and  convection  was 
negligible.  In  Tests  1  and  2  no  deposit  was  present  on  the  cold  surfaces  other 
than  that  present  In  a  normally  clean  tank.  In  Test  1  we  measured  only  the  back¬ 
ground  heat  loads  on  the  condenser  and  chevrons.  In  Test  2  the  background 
was  measured,  then  IR  Irradiation  Introduced,  and  the  total  chevron  and  condenser 
heat  loads  were  re-measured.  Hext,  the  IR  was  removed,  solar  Irradiation  In¬ 
troduced,  and  the  heat  load  maaaureaMnts  repeated.  In  Tests  3  and  4  we  first 
deposited  nitrogen  on  the  20  R  condenser  and  CO2  on  the  chevrons.  The  asKNints 
of  deposit  are  Indicated  In  the  Table.  The  entire  front  surface  of  the  con¬ 
denser  was  coated  with  deposit,  easily  visible  to  the  naked  eye.  The  CO2 
was  deposited  on  the  front  surface  of  the  chevrons  and  formed  a  white  film, 
also  easily  seen  by  the  naked  eye.  The  background  heat  loads  were  measured 
after  the  condensate  deposition.  Then,  the  measurements  with  IR  and  solar 
Irradiation  were  made.  Total  heat  loads  are  shown  In  Table  III.  The  values 
are  averages  of  a  number  of  measurements  under  the  conditions  Indicated. 

As  can  be  seen  from  the  tabulated  condenser  heat  loads.  In  attemp¬ 
ting  to  distinguish  the  Influence  of  IR  or  solar  Irradiation,  we  are  faced  with 
the  problem  of  detecting  smell  changes  In  the  condenser  heat  load.  Fluctua¬ 
tions  In  the  total  condenser  heat  load  and  uncertainties  In  measurement  may  ob¬ 
scure  the  Influence  of  Irradiation.  Therefore,  It  was  necessary  to  try  to 
establish  the  magnitude  of  the  uncertainties  In  the  observed  condenser  loads. 
Estimates  of  the  uncertainty  Intervals  to  be  expected  from  our  experimental 
determinations  are  presented  In  Appendix  C.  In  the  Appendix  the  uncertainty 
Intervals  In  the  various  quantities. that  were  measured  In  the  determination 
of  the  fraction  of  Irradiation  transmitted  to  the  20  K  condenser  are  estimated 
and  conblnad,  by  the  methods  of  error  analysis,  to  establish  the  uncertainty 
Interval  In  the  quantity  qc/4<  •  ‘l^he  data  from  Table  1  and  the  uncertainty  es¬ 
timates  from  Appendix  C  were  then  confined  to  form  Table  IV. 

The  last  row  In  Table  IV,  "Estimated  maxloium  range  of  qt/4i''»  w*> 
established  by  adding  and  subtracting  half  of  the  uncertainty  Interval  to  and 
from  the  "Observed"  values.  Since  the  lower  limit  on  q^/qi  must  be  zero, 
negative  lower  limits  were  called  zero. 

1.65  percent  of  Incident  Irradiation  was  transmitted  In  Test  Ho.  3, 

In  which  IR  Irradiation  Impinged  on  the  array  and  solid  deposits  were  present 
on  both  the  condenser  and  Che  chevrons.  This  Is  the  highest  percent  trans¬ 
mitted,  which  can  be  deduced  from  any  of  the  tests  we  have  run.  Even  with 
substantial  solid  deposits,  the  chevrons  continued  to  provide  effective  Ir¬ 
radiation  shielding.  The  higher  maximum  value  of  qt/q^  for  solar  energy  In 
Test  No.  2,  as  compared  to  Test  No.  4,  seems  unreasonable  because  we  would 
expect  the  effective  absorptivity  of  the  chevrons  for  solar  Irradiation  to 
be  reduced  by  the  deposit  of  CO2.  However,  since  we  cannot  ascertain  where 
within  Che  Interval  of  uncertainty  the  true  value  of  q^/q^;^  lies.  It  Is  entirely 
possible  (and  from  physical  reasoning  even  likely)  that  the  true  value  In 
Test  No.  4  was  greater  chan  Test  No.  2.  In  this  regard,  the  statements  of 
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K8T1M<LT1D  HEAT  LQM)  LIMITS 


T«tt  Muab«r 

2 

3 

4 

ObMrvad 

IncrcMiital 

Aq 

.20 

.59 

— 

IR  Loftdt 

AQ 

61 

56 

•  •  * 

Obscrvad 

Incraaantal 

Aq 

.20 

... 

.12 

Solar  Loads 

AQ 

54 

•  •• 

63 

Obsarvad 

It 

.0033 

.0105 

Solar 

.0037 

.0019 

IstiaMCad 

Uneartalnty 

Intanral  of 

It 

.011 

(1.0055) 

.012 

(+.006) 

(,/ii 

Solar 

.012 

(+.006) 

.011 

(+.0055) 

Isclaatad 

Haxiaua  langa 

It 

0..0088 

.0045-. 0165 

•  •  • 

of  q^/q^ 

Solar 

0-.0097 

— 

0-.0074 
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nuixlmum  rang«i  prasantad  in  the  Table  tnay  be  eoeiewhac  mieleadlng. 

In  euanary,  though  the  reeulta  presented  In  Table  IV  do  not  esta¬ 
blish  with  sHich  precision  the  values  of  qt/(li  that  tiay  be  e:q;)ected,  they  do 
Indicate  a  low  transmission  of  Irradiation  to  the  condenser  under  a  variety 
of  conditions. 

The  background  condenser  heat  load  averaged  about  1.5  watts.  Based 
on  measurements  with  the  IB  source  (Test  No.  2)  up  to  about  0.5  watts  of  that 
amount  can  be  accounted  for  by  the  transmission  of  heat  radiation  from  the 
warm  walls  of  the  tank  through  the  chevrons  to  the  condenser.  Therefore,  about 
1  watt  must  have  been  caused  by: 

1)  Direct  radiation  from  the  chevrons  and  back  shlalds. 

2)  Direct  radiation  from  the  outer  shields. 

3)  Transmission  of  radiation  from  the  warm  walls  of  tha  tank 
through  the  openings  in  the  back  shields. 

4)  Conduction  through  piping  and  supports. 

Those  items  are  all  peculiar  to  our  experismntal  set-up,  and  tend  to  make  the 
total  heat  load  on  tha  eondanser  par  unit  of  array  inlet  area,  higher  than 
those  that  may  ba  achieved  in  larger  installations. 
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VIII.  RESIDUAL  GAS  COMPOSITION 


Measurement  of  gas  composition  within  the  chamber  was  desirable  for  two 
main  reasons. 

1)  It  would  indicate  the  residual  gases  in  the  chamber  which  limited 
the  ultimate  pressure  while  cryopunping. 

2)  It  would  provide  useful  information  on  the  simultaneous  pumping  of 
two  gases,  a  condensabla  and  a  non-condensable. 

An  Omegatron  mass  spectrometer  was  used  for  gas  composition  measurements.  Useful 
results  pertaining  to  the  residtial  gas  composition  in  the  chaiid>er,  during  cryo- 
pumping,  were  obtained,  but  available  funds  were  exhausted  before  we  were  able  to 
make  measurements  during  the  simultaneous  pumping  of  two  gases. 

The  Omegatron  unit  was  described  in  Section  Ill-D.  As  pointed  out, 
the  Omegatron  tube  and  an  ion  gage  (P2)  were  teed  to  a  conmon  tubulation;  the 
tubulatlon  had  its  inlet  adjacent  to  the  20  K  condenser,  inside  the  LN.  cooled 
radiation  shields  (Figures  3  and  4). 

The  time  available  for  testing  with  the  Omegatron  was  extremaly  limited 
so  that  only  some  semi-quantitative  results  were  obtained  with  the  device.  Cali¬ 
brations  ware  attempted  with  both  nitrogen  and  hydrogen;  a  rough  calibration  for 
nitrogen  was  obtained  but  the  calibration  results  for  hydrogen  were  anomalous. 

The  best  determinations  that  we  could  make  indicated  that  for  nitrogen  the  sen¬ 
sitivity  factor,  S,  as  defined  by  the  equation  below 


S 


where  I^ 


Ion  current 


I  -  Electron  current 


P 


was  35  torr 


-1 


Pressure  in  tube 


The  most  useful  data  was  obtained  in  a  run  made  to  determine  what 
gases  would  be  present  after  a  rapid  pu^p  down  from  one  atmosphere  using  both  dif¬ 
fusion  pumps  and  the  cryopump.  Starting  with  the  tank  at  1  atisosphere  the  chaHi>er 
was  roughed  down  to  about  150  microns,  the  diffusion  pumps  were  started,  and  cool¬ 
down  of  the  condenser  was  begun.  200  minutes  after  initiation  of  rough  down  the 
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condenser  had  reached  a  temperature  below  18  K.  At  that  time  all  liquid-nitrogen 
surfaces  were  cooleg  to  operating  temperature.  The  pressure  at  250  minutes  from 
start  was  1.2  x  10  torr  (as  indicated  by  PI).  Bake-out  of  the  Omegatron  tube 
was  begun;  the  glees  was  baked  at  a  temperature  of  400  to  500  P  for  three  hours. 
The  elements  of  the  tube  were  waraMd  to  a  dull  red  with  an  RF  heater  for  one 
hour  to  complete  the  bake-out.  Nine  hours  after  the  Initiation  of  pushdown  the 
Omegatron  had  been^effectively  out-baked  and  the  chamber  pressure  had  reached  a 
level  of  7.2  x  10~^  torr  (again,  as  indicated  by  PI).  The  pressure  indicated 
by  P2  (teed  to  the  (knegatron)  was  5.5  x  10*  torr.  One  would  expect  this  pres¬ 
sure  to  be  lower  than  the  pressure  upstream  of  the  chevrons  because  of  the 
proximity  of  the  gage  inlet  to  the  condenser.  The  condenser  is  surrounded  by 
liquid-nitrogen  cooled  surfaces  so  that  condensables  at  77  K,  which  might  be 
present  outside  the  liquid-nitrogen  cooled  shields,  have  been  eliminated. 

The  results  of  the  gas  analysis  at  this  time  are  as  follows:  lie  mass 
2  peak  was  barely  discernible.  Based  on  the  approximate  nitrogen  sensitivity  noted 
above,  corrected  to  apply  to  hydro|0n,  the  partial  pressure  of  hydrogen  sanpled 
by  the  Omegatron  was  about  4  x  10  torr.  The  mass  4  peak  was  not  discernible. 

The  major  peaks  occurred  at  mass  numbers  of  12,  14,  26,  28  and  32.  The  largest 
peak  was  at  mass  28.  If  this  had  been  due  only_co  nitrogen,  it  would  have  cor¬ 
responded  to  a  partial  pressure  of  about  5  x  10*^  torr.  However,  part  of  the 
peak  may  have  been  due  to  CO,  for  which  the  gage  was  not  calibratad. 

The  major  conclusion  to  be  drawn  from  tbese  results,  is  that  the 
partial  pressure  of  non- condensables  under  the  conditions  described,  was  very  low. 
The  pumping  speed  of  the  diffusion  pumping  system  for  hydrogen  (Figure  20)  was 
about  35  cu.ft./sec.  Using  the  approximate  hydrogen  partial  pressure  from  above, 
and  this  pumping  speed,  we  estimate  that  the  rate  of  hydrogen  outgassing  in  the 
ebaaber  was  about  5  x  10*'  sce/sec.  Possible  sources  of  hydrogen  are: 

1.  The  walls  of  the  chsi^er. 

2.  Aluminum  cryogenic  panels. 

3.  The  flow  distribution  screens. 

4.  The  breakdown  of  water  vapor  or  hydrocarbons  by  the  Osmgatron. 

Since  the  aluminum  panels  were  being  operated  at  liquid-nitrogen  temperature  during 
the  analysis,  their  emission  of  hydrogen  by  outgassing  should  have  been  small. 

The  amount  of  hydrogen  generated  by  gas  decomposition  within  an  Omegatron  tube  is 
usually  quite  small  also.  The  most  probable  sources  of  hydrogen  outgassing  were 
the  metal  chamber  walls  and  flow  distribution  screens. 

Considering  the  low  partial  pressure  of  hydrogen  and  the  absence  of  a 
detectable  amount  of  helium  in  the  chamber,  the  pressure  indicated  by  the  ion 
gage  connected  to  the  Omegatron  tubulation  (5.5  x  10  torr)  appears  to  be  high. 
Since  the  inlet  to  the  gage  tubulation  was  adjacent  to  the  20  K  condenser,  as 
shown  by  Figure  4,  it  should  have  "seen"  much  lower  partial  pressures  of  nitrogen 
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and  laaa  volatlla  gasaa.  This  may  hava  bean  due  to  the  fact  that  our  bake-out  of 
the  Omegatron  tube  wee  lesa  thorough  than  that  recommended  for  ultra-high  vacuum 
meaaurementa .  The  manufacturer  recommenda  bake-out  at  400  C  for  12  houra  fol¬ 
lowed  by  degaaalng  of  the  metal  elementa  at  750  C  for  two  houra.  It  aeems  likely 
that  the  preaaure  level  indicated  by  the  Qnegatron  and  the  ion  gage  waa  due  more 
to  outgaaalng  from  the  tubulation  and  the  two  gagea,  than  to  the  preaence  of 
gaaet  adjacent  to  the  condenaer. 
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Figura  1  EKp«rlm«ntal  Cryo-Atroy  —  Welded  Constroction 
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Figw*  2  T*st  S*t-4lp-0v*r-oll  Vi*w 


FIGURE  3  Flowsheet  for  Cryopumping  Test  System 
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f  Igurt  6  Vacuum  Chambar  with  Outer  Shields 
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Figar*  9  Solar  Sourco  Unit  in  Oporotion 


Figure  11  Bake-Out  Oven 
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Figurt  18  Dirvctional  Prtttur*  Probes 
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aB  *K>o£i  foff  amL>s/s  of  ct/£>'/K>A/ 


APPIMPIX  A  -  BEIATIONS  BBTHBBN  PRB88UU  AMD  PUMPINS 
8PnD  DBTBBMIIBD  BY  AN  OPBM>BNDBD  PBOBB 
AND  CAPTUBl  PBUBABIUTY _ 


Consider  s  simple,  open-ended  probe  pieced  between  two  infinite  pere- 
llel  plenes,  one  e  ges  source  (Plene  No.  1)  the  other  e  ges  sink  (Plene  No.  2),  es 
pictured  in  Figure  21.  Three  different  probe  orientations  ere  shown.  The  capture 
probability  of  the  pumping  surface  (2)  is  G.  The  net  omss  flow  rat#  from  (1)  to 
(2)  is  ff.  The  absolute  mass  flow  rates  arc  w.  from  (1)  to  (2)  am  ,  from  (2) 
to  (1).  Ve  will  assume  that  there  is  no  gas  input  at  (2),  i.e.  the  absolute 
evaporation  rate  from  the  sink  is  negligible.  This  condition  will  be  met  under 
most  conditions,  as  discussed  below.  Then  the  flow  rates  are  related  by  the  fol¬ 
lowing  Equations: 


«  ”2  - 


In  accordance  with  the  procedure. set  forth  in  our  feasibility  study  for  Arnold 
Engineering  Developmnt  Center'  the  absolute  mass  flows  W.  and  V2  can  be  con¬ 
sidered  as  coming  from  equilibrium  gas  clouds  at  (1)  and  (2)  with  wlecular  den¬ 
sities  and  n2  and  temperatures  T^^  and  T2.  As  a  result  we  cen  write 


3)  - 


Vl 


A) 


”2^2 

4 


where 

V 


k 


mean  molecular  speed 

mess  of  e  molecule 

Boltsmenn's  constant 


V  TT  ■ 
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.o 

Therefore,  for  P  greeter  then  ebout  10  torr,  ebsolute  eveporetion  mey  be 
neglected.  ^ 


A  definition  of  punning  epeed  besed  on  the  ness  flow  input,  W,  end 
the  density  upstreem  of  the  pumping  eurfece  epperent  to  e  probe  positioned  es  in 
Cese  B,  will  be  useful  in  discussing  experimentel  results.  Thus 


A  Am 

P 


Beceuse  the  ges  inside  the  probe  is  essumed  to  be  en  equilibrium  geo  et  tempere- 
tures  T  , 

P 


10)  “p 


Combining  (9)  end  (10)  with  Bquetlon  6,  we  find  thet 


In  using  Bquetion  6  we  Imply  thet  ebsolute  eveporetion  frosi  the  condenser  is  nog* 
llgible.  Bquetlon  11  ebove  shows  thet  when  it  Is  negligible,  the  pulping  speed 
is  independent  of  pressure. 

The  signifieent  tempereture  turns  out  to  be  T  .  the  probe  tempereture. 
In  meny  eonventionel  veeuum  systems,  the  tempereture  of  ell  components,  including 
Che  pressure  probe  is  uniform  throughout  end  equel  to  the  smbient  Level,  end 
there  is  no  question  shout  whet  tespereturs  is  signifieent  in  en  emperlmentel 
determinetion  of  pupping  speed.  However,  if  the  probe  tespereture  differed  from 
Chet  of  the  rest  of  the  system,  it  would  heve  e  direct  effect  en  the  epperi* 
msntelly  determined  pumping  speed,  es  shewn  by  (11).  In  systems  employing  eryo* 
genie  surf sees,  the  probe  teppereture  mey  in  preetiee  differ  from  the  embient 
level,  end  its  effect  should  be  teken  into  eceeunt  in  interpreting  enperimentel 
results. 
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APPENDIX  B  -  RBIATIONSHIP  BBTHBBN  THB  CHEVRON  ARRAY 
CAPTURE  PROBABIUTY  AND  THE  CONMNSBR 
STICEIIIG  COEPUCIENT  _ 


Consider  the  elnple  model  shown  in  Figure  22  where: 

w  ■  absolute  bmss  flow 

H  ■  the  net  mass  flow  Into  the  array 

-  the  probability  that  a  molecule  will  pass  through  the  chevrons 

g.  ■  the  probability  that  a  molecule  will  pass  through  the  condenser 

(equal  to  the  percent  <^en  area) 

f  -  the  sticking  coefficient  on  the  condenser 

The  mass  flow  rates  are  related  by  the  following  equations: 

1.  "  "2  "  ** 

2.  w^  -  (1  -  gj)  w^  +  gj  w^ 

3.  Wj  •  w^  +  (1  -  gj^)  w^ 

4.  Wj  ■  gj  W3  +  <1  -  $2^^^  "  ''S 

5.  w^  •  g2  W5  +  (1  *  g2^^^  "  ''3 

The  capture  probability  of  the  array  as  a  whole,  G,  Is  given  by 


6)  G 


H 

''l 


From  the  above. 


7)  G 


«1 


{ 


1  -  2(1  -  g^)(l  -  f)  +  (1  -  g^)^l  -  f)^  -  gl _ 

1  -  (1  -  82X1  -  f)(2  -  g{>  +  (1  -  gp  [d  -  82)^1  -  f)^ 


In  our  array,  g,  -  0.23'  '  and  g,  ■  0.25.  Tbe  valua  for  g.  Is  for  an  aspect 

ratio  (ratio  of^chevron  length  to  facing)  of  6  which  Is  appropriate  to  the 
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•xpcrlMntal  arr«y;  bane*  It  takas  Into  account  tha  affect  of  tha  and  walls. 
Using  thasa  values  of  g.  and  g^  ws  can  calculate  tha  affect  of  the  sticking 

coefficient  on,  G,  tha  ^r-all  capture  probability,  froai  Iquation  7.  Tha 

results  arc  shown  in  figure  15,  a  plot  of  G  versus  f. 

It  is  apparent  tram  Figure  15  that  tha  over-all  capture  probability 

is  not  cxtransly  sensitive  to  tha  sticking  coefficient  provided  that  it  is 
greater  than  about  0.5.  This  characteristie  of  a  chevron- shielded  condenser 
is  due  to  the  fact  that  once  a  aolecule  has  penetrated  the  chevrons,  the  pro¬ 
bability  of  its  eaking  sore  than  one  contact  with  the  condenser  (and  therefore 
of  its  being  captured)  before  traveling  back  out  through  the  chevrons  is  rather 
high. 


66 


AIPKMDIX  C  -  UMCBRlAHinKS  IN  HKAT  LQ4D  DBTERMUBLTIONS 


A  schematic  diagram  of  the  condenser  heat  load  measureswnt  circuit 
is  shoim  in  Figure  23.  The  significant  variables  are  defined  belcw: 

q  ■  total  heat  load  on  the  condenser;  to  be  determined. 

T.  -  condenser  inlet  temperature;  indicated  by  a  LH^  vapor 
pressure  thermometer. 

T  *  condenser  outlet  temperature;  indicated  by  a  LH2  vapor 
^  pressure  thermometer. 

T.  ■  flomster  inlet  temperature;  indicated  by  a  LH2  vapor 
^  pressure  thermometer. 

T.  -  flowmeter  outlet  temperature;  indicated  by  a  LH2  vapor 
pressure  thermometer. 

■  heat  input  to  flowmeter;  measured  by  a  wattmeter. 

q^  >  background  heat  leek  to  flowmeter  from  radiation  and 
conduction. 

The  condenser  heat  load  is  related  to  the  measured  variables  by  the  relation 


q^  was  determined  periodically  by  cos^ring  the  temperature  rise  across  the  flow- 
JKer  (T,  -  TJ  with  a  known  input,  q.,  to  that  with  ■  0,  while  the  gBe 

flow  rati  reiMined  constant.  Its  valoi  remains  steady  Wring  a  test  at  about  2 
watts  0.1  watts. 


The  uncertainty  intervalj^  q,  w  , 
Intervals  of  the  other  variables  by^  *  ^ 


is  related  to  the  uncertainty 
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Based  on  our  axpsrlanca,  and  typical  operating  conditions  we  astlMta  the  fol¬ 
lowing  uncertainties  In  the  variables  on  which  q  depends: 


0.16**K 

3.2®K 


0.16°K 

3.2®r 


0.22°K 

l.l®k 


0.05 


0.2 


0.05 


V  .  fiLi 

^1  %»o  ^ 


0.02 


iLi 

5 


0.04 


From  Equation  2  end  the  above  conditions  we  find  that 

-  0.30 
S 

The  condenser  beet  loads  we  have  observed  ere  between  1  end  2  watts.  If  we  con¬ 
sider  an  average  of  about  1.5  watts,  w  *  0.3  x  1.5  -  0.45  watts,  or  -f  0.23 
watts.  Thus,  If  a  load  of  1.5  watts  were  measured,  the  true  load  would  be  ex¬ 
pected  to  lie  between  1.27  and  1.73  watts.  The  uncertainty  Interval  of  0.45 
watts  Is  largely  due  to  the  uncertainties  In  measuring  T.  and  T.  and  should  be 
fairly  Independent  of  the  precise  condenser  heat  load  level  In  the  range  of  In¬ 
terest. 
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To  BopAratt  th«  InfluAnc*  of  IR  or  aolar  Irradiation,  wa  nuat  taka 
dlffarancaa  In  eondansar  haat  loada  niaaaurad  at  two  dlffarant  tlnaa,  l.a., 
tha  haat  load  with  Irradiation,  q2,  and  tha  background  load  bafora  Irradiation 
la  Introducad,  Tha  dlffaranea,  Aq,  glvan  by 


4)  Aq  -  qj  -  q^ 


la  Indlcatlva  of  tha  affaet  of  irradiation.  Tha  uneartalnty  in  Aq,  w 
la  glvan  by 


5) 


'Aq 


2  j' 

(w^  )  +  (*«  ) 

‘l  ^2 


Tha  uncertainty  in  q.,  w  ,  la  0.45  watta. 

2  ^2 


Tha  background,  q^,  waa  not  aeaaurad 


at  tha  aaaa  inatant  aa  q.,  ao  in  addition  to  tha  uncertainty  in  Ita  aaaaurad 
value  at  tha  tiaa  tha  mMauraaant  waa  aada  wa  nuat  alao  conaidar  poaaibla  flue* 
tuationa  of  q.  in  tine.  Our  axparlanca  indicataa  that  auch  fluctuationa  are  of 
tha  order  of  -F  0.1  watta. 


Than 


6) 


w  a 


w 

Aq 


y<0.45)^  +  (0.2)^'  - 


f 


49)^  +  (.45)^ 


0.49  watta 


0.67  watta 


Thua,  tha  uncertainty  In  tha  datamination  of  Aq  in  Teata  2,  3,  and 
4  waa  approxioataly  +0.34  watta. 

Tha  incraaantal  haat  load  on  the  chevrona,  aaaociatad  with  irradiation, 
AQ,  ia  obtained  froai 


7)  AQ  -  Qj  - 


where 


Q^  ■  background  haat  load  on  chevrona 
Q2  ■  haat  load  on  chevrona  with  irradiation 
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Tht  uacartainty  In  AQ,  w  ,  it  glvnn  by 


Th«  uncnrtnlntint  in  Q.  and  Q,  am  largaly  dua  to  tan^ral  fluctuations  during  ■aasura- 
■ant  periods.  Ixparianea  shws  that 


\  -  10  watts 

so  that 


10 

55 


0.182 


0.087 


»  ^  -s  »•«> 

In  sBst  of  tha  tasts,  eha  uncertainty  interval  for  condensar  beat  load  ■sasuraannts 
was  graatar  than  tha  observed  incraaants  in  condenser  heat  load  that  coincided  with 
the  introduction  of  irradiation  so  that  accurate  estinetas  of  the  effect  of  irra¬ 
diation  are  inpossible.  However,  by  coabining  the  uncertainty  intervals  with  the 
■aasnred  values  we  can  place  liaits  on  whet  heat  loads  alght  be  anticipated.  The 
quantity  of  priaary  interest  is  tha  fraction  of  energy  incident  on  the  array  which 
is  trensaittod  to  the  20  k  condenser,  For  saell  the  ratio  is 

directly  related  to  the  esperiasntaliy  Mtirained  qoantimas^Aq  and  AQ  by 


10) 


h.  .  ^ 

\  AQ 
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Therefor* 


froB  the  date  in  Table  III  and  Iquaclon*  6  and  9^  we  eee  that 

(^)<<(^)* 

ao  that 


l.a.,  the  oneertainty  la  tha  deteralaatioa  of  the  Ineraaental  heat  load  on  tha 
eondaaaer,  la  controlling. 
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INSTRUMENTATION  ASSISTANCE  TO  ARTHUR  D.  LITTLE,  INC. 
RE.:  CRYOPUMPING  RESEARCH  INVESTIGATION 

SPONSORED  BY  ARNOLD  ENGINEERING  DEVELOPMENT  CENTER.  USAF. 


SUMMARY  REPORT 


I.  INTRODUCTION 


This  is  a  sumnary  report  of  assistance  provided  to  Arthur  D. 
Little,  Inc.  by  National  Research  Corporation  In  the  field  of  low 
density  gas  Instrumentation  and  measurement.  The  purpose  of  this 
assignment  Is  to  provide  a  critical  assessment  of  experimental 
determinations  of  pressure,  pumping  speed  and  gas  composition, 
made  by  Arthur  D.  Little,  Inc.,  In  the  course  of  a  cryoptaqplng  re¬ 
search  Investigation  sponsored  by  Arnold  Engineering  Developsient 
Center,  U.S.A.F. 


The  scope  of  the  services  provided  by  National  Research  Cerpe- 
ratloa  Is  briefly  as  follows: 

1)  Review  the  Installation  of  Ion  gauges  on  the  high 
vacuum  crvopump  test  chamber  at  Arthur ’I).  Little's 
Acorn  Park  site,  provide  a  standard  for  calibration 
and  assist  ADL  in  calibrating  the  gauges  under  the 
condition  of  static  vacuum  ui  the  chawer,  and  pro¬ 
vide  an  assessment  of  the  accuracy  of  pressure 
measurement  under  static  vacuum  conditions. 

2)  Review  methods  adopted  by  ADL  for  determlnlag 
pumping  speeds,  observe  measurements  made  during 
a  typical  test  run,  review  the  data  and  ealeu- 
latlons  for  the  run,  and  provide  an  assessment  of 
the  accuracy  of  the  pumping  speed  determinations. 

3)  During  the  course  of  the  above  work,  point  out  any 
aspects  of  the  determinations  of  pressure  or  pump¬ 
ing  speed  which  appear  to  be  Inadequate,  and  re¬ 
commend  improvements  In  technique  which  would  yield 
results  with  greater  accuracy  or  reliability,  or 
would  expedite  execution  of  the  test  program. 
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4)  Provide  A  tuimoary  report  of  the  infometion  pro¬ 
vided  Arthur  D.  Little  during  the  progren. 

Mote:  An  original  requirement  for  asaiatance  with  gaa 

compoaition  neaaurementa  waa  aubaequently  with¬ 
drawn  aa  later  developmenta  in  the  progren  made 
it  unneceaaary.  The  effort  intended  for  thia 
work  waa  devoted  to  additional  gauge  and  punping 
apeed  calibration. 

Two  interim  memoranda,  covering  gauge  calibration  and  pumping 
apeed  meaaurenenta  reapectively,  have  prevloualy  been  aubmitted  to 
Arthiir  D.  Little  (Ref.  1  and  2).  It  ia  underatood  that  copiea 
of  theae  memoranda  have  been  appended  to  ADL'S  progreaa  report  to 
Arnold  Center  for  the  period  ending  May  15,  1961.  Thia  axmmary 
report  ia  intended  to  be  complete  in  Itaelf,  ao  that  reference  to 
the  earlier  memoranda  ia  unnecessary,  except  for  detailed  data 
which  are  not  regarded  as  of  general  interest. 


2.  GAUGES  AND  PRESSURE  MEASUREMENTS 


2.1  Installation  of  Ionization  Gauges 

Six  hot-cathode  ionisation  gauges  are  installed  at  various 
places  on  the  cryopumping  test  facility.  These  six  gauge  locations 
are  designated  by  P  numbers  and  are  identified  as  follows: 


Gauges  PI  and  P6 


Gauge  P5 


Gauges  P3  and  P4 


Gauge  P12 


are  ultrahigh  vacuum  gauges  of  the 
Bayard-Alpert  type  and  are  mounted 
on  the  main  chamber  several  inches 
upstream  of  the  face  of  the  cryo¬ 
pumping  array. 

is  a  similar  type  and  is  mounted  at' 
the  rear  of  the  main  chamber,  near 
the  diffusion  pump  duct. 

are  conventional  ionization  gauges 
and  are  mounted  on  the  right  and 
left  inlet  plenum  chambers  re¬ 
spectively. 

is  an  ultrahigh  vacuum  gauge  of  the 
Bayard-Alpert  design,  but  differs 
from  the  above  gauges  in  that  it  is 
of  the  exposed  or  so-called  nude 
configuration,  rather  than  mounted 
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Gauge  P12  in  the  conventional  glass  envelope. 

cont.  This  gauge  is  also  mounted  on  the 

main  chamber,  and  was  installed 
midway  through  the  experimental  pro¬ 
gram. 

The  installation  of  all  gauges  appears  satisfactory  for  the  experi¬ 
ments  undertaken. 

For  various  reasons  a  number  of  gauge  failures  were  experienced 
during  the  program.  These  gauges  were  replaced,  necessitating  addi¬ 
tional  calibration  beyond  the  initial  effort. 

At  pressures  above  10~^  tori^  (and  in  some  instances  at  pressures 
as  low  as  10~^  torr),  thermionic  vacuum  gauges  are  subject  to  a 
number  of  errors  when  operated  at  the  electron  emission  current  re- 
coanended  by  the  manufacturers.  Principal  sources  of  these  errors 
are  ionic  space  charge  near  the  collector,  changes  in  the  electron 
path  length  at  higher  pressures,  multiple  ionisation,  and  recombi¬ 
nation  (see  references  3  and  4).  The  effect  of  these  errors  has 
only  recently  achieved  some  degree  of  general  recognition.  Their 
importance  lies  in  the  fact  that  ion  gauges  are  customarily  cali¬ 
brated  (if  at  all)  by  comparison  with  a  mercury  McLeod  gauge  over 
Just  the  pressure  range  where  these  errors  predominate.  The  gauge 
factor  used  at  lower  pressures,  where  the  ion  gauge  is  ordinarily 
quite  linear,  may  therefore  be  poorly  chosen  because  of  systematic 
errors  over  the  calibration  pressure  range  of  which  the  experi¬ 
menter  is  unaware. 

To  minimise  the  non-linearity  at  higher  pressures,  Nottingham 
(Ref.  4)  has  urged  that  thermionic  vacuum  gauges  should  be  operated 
with  electron  currents  of  a  few  microamperes,  some  three  orders  of 
magnitude  smaller  than  manufacturer's  recommendations.  Commercially 
available  control  units  cannot  function  in  this  manner.  In  order  to 
convert  the  three  different  gauge  control  units  to  this  method  of 
operation,  NRC  personnel  designed  suitable  circuit  medifleations 
and  provided  Arthur  D.  Little,  Inc.  with  sketches  and  instruetlons 
f9r  making  the  conversion.  Satisfactory  operation  of  the  units  was 
verified  after  ADL  personnel  had  made  the  changes  recommended. 
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Operation  with  eolation  currenta  In  the  olcroeaqpere  range 
waa  recommended  for  gaugea  PI.  P5  and  P6  at  all  preaaurea  above 
10~^  torr  and  for  gaugea  P3  and  P4  at  preaaurea  above  10*^  torr. 
At  lower  preaaurea,  emlta Ion  currenta  1000  tlmea  higher  were  re> 
coonended.  The  control  circuit  for  gauge  P12,  which  waa  added 
later,  waa  not  converted  and  thla  gauge  waa  alwaya  operated  In 
the  mllllampere  eolation  range.  Thla  g|buge,  which  mutt  atlll  be 
regarded  at  aooewhat  In  the  experimental  atage,  waa  added (by 
ACL  peraonnel)wlth  the  hope  that  It  would  produce  more  atable  and 
reliable  Information  than  the  gaugea  already  In  uae.  Thla  level 
of  confidence  In  Ita  Indlcatlona  waa  not  achieved,  but  the  gauge 
proved  uaeful  In  Interpreting  other  gauge  readlnga,  eapeclally 
during  calibration. 


2.2  Standard  for  Gauge  Calibration 

Aa  a  atandard  agalnat  which  to  calibrate  the  thermionic 
vacuum  gaugea,  NRC  provided  a  mercury  McLeod  gauge  and  adapted 
It  to  the  cryoptanp  facility  at  Acorn  Park.  Thla  particular  gauge 
waa  aelected  becauae  the  bore  diameter  of  the  capillary  had  al¬ 
ready  been  carefully  meaaured  In  our  laboratorlea  and  waa  accurate¬ 
ly  known. 

The  effective  height  of  the  cloaed  capillary  waa  then  deter¬ 
mined  (three  aeparate  determiner Iona)  by  Clark 'a  method  (Bef.  5). 
The  reaultlng  value  la  eatlmated  to  have  a  ayatematlc  uncertainty 
(95X  confidence level)  of  +  0.32  mm. 

A  random  uncertainty  la  Introduced  In  meaaurlng  the  height 
of  the  mercury  column  In  the  capillary.  In  a  aet  of  12  meaaure- 
menta,  the  atandard  deviation  In  determining  the  height  of  a 
alngle  mercury  column  waa  found  to  be  0.05  mm.  For  accurate 
meaaurementa ,  column  helghta  ahould  be  meaaurod  with  a  catheto- 
meter  capable  of  reading  at  leaat  to  0.1  mm.  The  overall relative 
probable  error,  accounting  for  both  aero  uncertainty  and  reading 
errora,  la  given  by: 
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(1) 


iE  .  1.03  X  10~^ 

^  J  P  [torg 

and  is  aeen  to  be  a  function  of  the  pressure  being  measured.  Figure 
A-1  shows  this  graphically  and  may  be  used  as  an  estimate  of  the  re¬ 
lative  uncertainty  (957«  confidence  level  )  of  the  individual  McLeod 
gauge  measurements  made  during  the  calibration  procedure. 

Capillary  forces  at  the  mercury  interface  are  another  source  of 
error.  The  action  of  capillary  forces  tending  to  depress  the  height 
of  a  mercury  column  in  small  bore  tubing  is  well  known.  These  forces 
become  increasingly  important  in  smaller  diameter  tubing;  their  magni 
tude  may  vary  considerably  depending  on  the  condition  of  the  mercury 
and  the  surface  cleanliness  of  the  glass  wall.  Variability  in  mer¬ 
cury  column  heights  can  be  found  during  an  individual  measurement ,  de 
pending  on  whether  the  gauge  is  tapped  or  not,  the  time  interval  bet¬ 
ween  compression  and  column  reading,  and  related  factors  (Ref.  7). 
Experience  indicates  that  a  moderate  amount  of  tapping  a  moment  or 
two  before  reading  the  gauge  helps  to  give  repeatable  results;  this 
procedure  has  been  found  helpful  here.  Tapping  will  of  course  give 
no  improvement  in  systematic  errors. 

In  an  effort  to  balance  out  the  effects  of  systematic  capillary 
forces,  the  open  and  closed  capillaries  of  a  McLeod  gauge  are  ordi¬ 
narily  made  from  tubing  with  exactly  the  same  bore.  In  any  parti¬ 
cular  case,  however,  differences  in  surface  conditions  within  the 
two  capillaries  may  result  in  unequal  capillary  forces  which  will 
be  reflected  in  an  erroneous  differential  column  height  as  a  measure 
of  the  pressure  of  the  gas  confined  in  the  closed  capillary  (Ref.  7 
and  8) .  At  pressures  above  10~^  torr  and  in  capillaries  as  large 
as  in  the  present  gauge  (1.3)  the  capillary  depression  difference 
is  generally  negligible,  and  during  the  initial  calibration  phase 
this  was  found  to  be  the  case.  During  a  later  calibration  of  re- 
placesient  gauges,  inconsistent  data  obtained  led  to  a  re-examination 
of  this  problem.  It  was  found  that  on  that  particular  day  an 

Note:  Since  estimates  of  probable  error  involve  statistical 
measures  computed  from  finite  samples,  and  are  therefore  subject 
to  sampling  fluctuations,  they  need  to  be  qualified  by  a  "confidence 
level"  or  objective  probability  that  the  error  in  any  one  measure¬ 
ment  result  will  not  exceed  the  limits  stated  (see  Ref.  6). 
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appreciable  capillary  depression  difference  did  exist  and  was  In 
one  Instance  as  high  as  2  onn.  Such  variations  are  usually  attrl* 
butable  to  contafnlnatlon  of  the  capillary  surfaces  which  Is  likely 
In  this  case  because  the  gauge  had  been  reconnected  to  the  system 
after  standing  Idle  (exposed  to  the  atmosphere)  for  several  weeks. 
This  explanation  tends  to  be  confirmed  by  a  recheck  a  few  days 
later  which  showed  that  the  capillary  depression  differences  were 
again  negligible.  The  contamination  was  evidently  pumped  away  by 
the  vacuum  system  during  the  Intervening  few  days.  Where  a  slg> 
nlf leant  capillary  depression  difference  exists,  Its  extent  should 
be  determined  and  suitable  corrections  made.  This  was  done  for  the 
particular  data  concerned.  Some  uncertainty  Is  attached  to  other 
data  taken  a  few  days  earlier,  because  this  effect  was  at  that  time 
not  appreciated  by  ADL  personnel  and  Its  extent  was  not  measured. 

It  la  not  unreasonable  to  presume  that  the  capillary  depression 
was  the  same  as  or  greater  than  that  measured  a  few  days  later. 


When  the  capillary  depression  correction  Is  appreciable,  then 
the  uncertainty  In  Its  magnitude  la  also  likely  to  be  significant. 
Taking  0.2  mm  as  a  reasonable  estimate  of  this  uncertainty,  expression 
(1)  for  the  combined  relative  probable  error  la  replaced  by 


(2) 


with  a  95%  confidence  level.  This  revised  error  estimate  is  also 
shown  In  Figure  A-1. 


At  lower  pressures  additional  sources  of  error  In  HcLeod  gauges 
become  significant.  An  Important  source  Is  distortion  of  the  closed 
capillary  In  the  vicinity  of  the  closure  seal,  which  results  both  In 
non-uniform  cross-section  of  the  bore  and  In  optical  errors  In  measuring 
the  meniscus  height.  It  Is  generally  unwise  to  rely  on  the  McLeod 
gauge  measurements  below  10'^  torr  unless  the  Instrument  is  specifically 
designed  for  the  purpose  and  is  carefully  rechecked  daily.  In  Figure 
A-1  the  error  estimates  are  deliberately  not  projected  below  about 
10*^  torr  because  of  (1)  the  difficulty  In  estimating  the  additional 
errors,  and  (2)  the  limited  usefulness  of  a  reference  whose  overall 
uncertainty  exceeds  ±,  15%. 


A  cold  trap  and  valve  are  Installed  In  the  line  connecting  the 
McLeod  gauge  to  the  vacuum  chamber.  It  la  Inqportant  that  the  tri^ 
be  kept  filled  with  liquid  nitrogen  whenever  the  valve  is  opened, 
and  it  is  understood  that  this  practice  has  been  followed. 
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When  a  McLeod  gauge  is  first  attached  to  a  vacuum  system,  Its 
walls  will  outgas  for  some  time.  If  of  sufficient  magnitude,  this 
outgassing  may  result  in  errors  and  may  be  readily  checked  by  closing 
the  valve  to  the  vacuum  chamber  and  determining  the  rate  at  which  the 
indicated  pressure  rises.  This  check  has  been  made  whenever  the 
McLeod  gauge  was  installed  or  reinstalled  on  the  chamber  and  no  sig¬ 
nificant  outgassing  has  been  found. 

Because  of  the  tubulation  connecting  the  McLeod  gauge  to  the 
chamber,  the  pressure  of  the  McLeod  gauge  itself  will  lag  behind 
rapid  changes  of  pressure  in  the  chamber.  Whenever  the  chamber 
pressure  has  changed  by  more  than  a  factor  of  3  or  so,  it  is 
advisable  to  wait  several  minutes  until  the  gauge  reaches  equilibrium 
with  the  newly  established  chamber  pressure.  The  reliability  of  the 
McLeod  gauge  reading  can  be  checked  by  taking  a  second  reading  to  see 
if  there  has  been  any  change.  This  viewpoint  is  familiar  to  ADL 
operating  personnel. 

2.3  Calibration  of  Ionization  Gauges 

The  initial  five  thermionic  gauges  were  calibrated  statically 
against  the  McLeod  gauge  by  evacuating  the  chamber  to  the  lowest 
pressure  attainable  with  the  two-inch  diffusion  pump  and  then  back¬ 
filling  the  chamber  to  various  static  pressures  with  a  known  gas. 

With  both  the  diffusion  pump  port  and  gas  inlet  valve  closed,  the 
pressure  of  the  trapped  gas  was  observed  simultaneously  by  the  McLeod 
gauge  and  as  many  as  three  of  the  ion  gauges.  Nitrogen,  hydrogen,  and 
helium  were  used  as  known  atmospheres. 

On  several  occasions  it  became  necessary  to  replace  ion  gauges 
that  had  been  accidentally  damaged  or  failed  for  other  causes.  Static 
calibration  against  the  McLeod  of  all  ion  gauges  was  therefore  carried 
out  on  two  later  occasions.  As  an  interim  procedure,  newly  installed 
gauges  were  calibrated  by  comparison  with  the  other  gauges  on  the 
system  whose  calibration  was  already  well  known. 
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In  any  calibration  procedure »  the  objective  la  to  provide  a 
knowledge  of  the  response  of  the  Instrument  over  Its  entire  range 
of  operation.  Thermionic  vacuum  gauges  are  generally  regarded  as 
linear  devices  at  pressures  below  10'^  torr,  down  to  the  point 
where  the  X-ray  effect  becomes  significant.  At  pressures  above 
10”^  torr,  deviations  from  linearity  exist  and  should  be  determined 
for  each  gauge  type  since  they  are  dependent  upon  geometry  and 
operating  conditions.  Even  at  emission  currents  of  a  few  micro¬ 
amperes,  these  non- linearities  exist  and  should  be  determined  If 
accurate  results  are  required.  The  advantage  In  using  low  emlaslon 
current  Is  that  the  non-llnearltles  are  greatly  reduced  fxom  those 
existing  at  higher  emission  currents,  even  though  not  eliminated 
completely. 

Thermionic  gauge  calibration  haa  two  objectives:  First,  to 
provide  the  necessary  gauge  factor  to  be  used  at  pressures  below 
10*^  torr  (under  the  assumption  that  the  gauge  Is  linear  In  this 
region),  and  second,  to  determine  the  specific  deviations  from 
linearity  at  pressures  above  10*^  torr.  This  Information  can  be 
derived  from  Che  experimental  data  most  easily  by  plotting  the 
logarithm  of  Che  ratio  of  Ion  gauge  to  McLeod  readings  as  dependent 
variable,  with  respect  to  the  McLeod  Indication  (assumed  to  be  the 
"true"  pressure)  as  Independent  variable.  Figure  C-1  Is  representative 
of  the  relevant  Information  plotted  In  this  way.  Also  shown  are  the 
estimates  of  uncertainty  attached  to  each  point;  the  basis  of  these 
estimates  will  be  discussed  later.  At  low  pressures,  Che  ultimate 
or  background  pressure  In  the  chamber  Is  an  appreciable  part  of  the 
pressure  being  measured  by  the  Ion  gauge.  This  background  pressure 
must  be  predominately  due  to  water  vapor  since  It  Is  not  measurable 
with  Che  trapped  McLeod  gauge.  To  minimise  the  distortion  In  the 
results  from  this  effect  a  background  pressure  was  subtracted  from 
each  Ion  gauge  reading,  and  the  uncertainty  estimates  Include  a 
contribution  for  the  uncertainty  with  which  the  background  presaure 
Is  known. 

The  reason  for  plotting  the  data  In  this  way  Is  that  a  horl- 
Bontal  line  would  result  If  the  device  were  linear.  At  low  preasurea 
It  must  be  assumed  that  the  curve  becomes  horlsontal.  A  "beat-fit" 
curve  has  therefore  been  drawn  throiigh  Che  data  points  with  the 
additional  restriction  that  It  must  asymptotically  approach  the 
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horizontal  at  pressures  below  10~^  torr,  while  at  higher  pressures 
It  should  have  the  general  form  already  established  as  characteristic 
of  such  gauges  (see  reference  4).  The  figures  noted  at  die  left  of 
the  curves  In  Figure  C-1  are  the  asymptotic  fractions  of  the  true 
pressure  which  are  Indicated  by  the  gauge  for  the  three  gases, 
nitrogen,  hydrogen  and  helium. 

This  procedure  was  followed  by  NRC  personnel  In  the  reduction 
of  the  first  set  of  calibration  data,  and  was  adopted  by  ADL  personnel 
In  subsequent  data  reduction. 

The  later  calibration  data  taken  Included  also  an  Intercomparison 
of  Ion  gauges  at  reduced  pressures.  In  the  range  where  all  of  these 
gauges  should  be  substantially  linear.  The  resulting  data  appeared 
to  have  a  number  of  Inconsistencies,  but  a  closer  analysis  Indicated 
that  the  differences  were  substantially  within  the  limits  of  uncertainty 
to  be  expected  with  such  gauges.  Since  It  Is  the  purpose  of  this 
program  to  provide  the  best  possible  experimental  Information  on 
cryopumplng,  these  later  calibration  data  were  re-evaluated  and  a 
'n>est-flt"  estimated  to  be  most  consistent  with  all  of  the  available 
data  was  chosen. 

2»4  Assessment  of  Accuracy  of  Pressure  Measurements 

Overall  aocxiracy  of  any  measurement  Is  Influenced  by  a  nuiiA>er 
of  factors  Including  Inherent  Instrument  accuracy,  calibration 
procedure,  operating  procedure,  and  application.  The  accuracy  of 
Ion  gauge  readings  Is  Influenced  by  meter  accuracies,  ability  to 
read  the  meter  ability  to  zero  the  amplifier,  and  ability  to  set 
the  electron  current  at  a  specified  value.  These  may  be  regarded 
primarily  as  random  errors.  Values  of  these  errors  have  been  esti¬ 
mated  and  are  Included  In  the  uncertainties  shown  in  Figure  C-1. 
Systematic  errors  In  the  Instrument  will  tend  to  be  placed  In  evidence 
during  calibration. 

The  McLeod  gauge  used  as  a  standard  Is  also  subject  to  errors 
which  have  been  discussed  previously. 

A  detailed  consideration  of  all  possible  uncertainties  In  the 
gauge  calibration  has  been  made  but  Is  too  extensive  to  be  presented 
here.  Ftom  this  analysis,  however,  a  set  of  recommended  calibration 
curves  was  prepared  for  the  first  five  gauges  calibrated.  A  repre¬ 
sentative  curve  Is  given  In  Figure  D-2.  The  Information  Is  presented 
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In  a  form  of  correction  factors,  by  which  each  gauge  reading  should 
be  multiplied  to  give  the  best  estimate  of  true  pressure. 

Operating  procedure  Is  Important  to  achieving  accurate  pressure 
measurements.  Gas  evolution  from  contaminated  surfaces  (both  gauge 
elements  and  walls  of  the  glass  envelope)  and  pumping  by  overly 
clean  surfaces  can  Introduce  appreciable  errors  In  ion  gauge 
meaaurements .  The  optimum  procedure  Is  therefore  one  which  achieve! 
an  equilibrium  between  the  gas  in  the  gauge  and  that  adsorbed  on 
the  surfaces,  so  that  there  Is  no  net  flow  of  gas  to  or  from  the 
surfaces.  Outgasslng  rates  are  relatively  slow  and  therefore 
equilibrium  Is  achieved  most  quickly  by  starting  with  a  surface 
that  has  too  little  gas  rather  than  one  with  too  much:  The  procedure 
recommended  Is: 

1)  "Outgaa"  (degas)  the  gauge  following  manufacturer's 

recommendations . 

2)  Operate  the  gauge  normally  for  at  least  ten  minutes 
before  taking  measurements,  using  the  electron  currents 
specified  in  Memorandum  1. 

3)  Do  not  switch  back  and  forth  from  one  electron  current 
to  another  unnecessarily  as  it  is  important  to  establish 
temperature  equilibrium  of  the  gauge  envelope. 

4)  Sorption  of  gas  on  the  gauge  surfaces  is  most  significant 
at  low  pressures  and  therefore,  other  things  being  equal, 
it  ia  preferable  to  plan  experiments  that  start  at  low 
pressures  and  progress  to  higher  pressures. 

5)  High  temperature  degassing  of  the  gauge  gradually  deposits 
a  tungsten  film  on  the  inside  of  the  gauge  envelope.  The 
leakage  resistance  between  filament  and  grid  will  eventually 
become  low  enough  that  the  leakage  current  is  a  sizable 
fraction  of  the  emission  current,  when  operated  In  the 
microampere  range.  Gauge  accuracy  Is  then  seriously 
degraded;  consequently,  excessive  and  unnecessary  degassing 
is  as  much  to  be  avoided  as  Insufficient  degassing. 

Using  proper  corrections  derived  from  the  calibration  data,  the 
overall  uncertainty  of  Individual  static  pressure  measurements  with 
ion  gauges  PI,  P3,  P4,  PS  and  P6  is  estimated  to  be  +  40%  (95% 
confidence  level).  These  uncertainty  estimates  assume  care  In  the 
taking  of  measurements,  with  attention  to  zero  settings,  amplifier 
balance,  meter  reading,  and  particularly  to  degassing  which  SRist  be 
sufficient  but  not  excessive.  Carcdess  operation,  particularly  with 
regard  to  degassing,  can  produce  readings  in  error  by  as  much  as  a 
factor  of  five.  In  most  instances  operational  errors  exceed  those 
inherent  in  the  instrument,  but  need  not  with  suitable  care. 
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The  uncertainties  estimated  for  pressure  measurements  arise  from 
several  different  sources  of  error.  Some  of  these  are  systematic 
errors,  occurring  consistently  in  each  measurement.  Others  are 
completely  random  errors  (such  as  uncertainty  in  reading  a  meter) 
and  contribute  "scatter"  because  the  error  in  an  individual 
measurement  is  entirely  independent  of  that  in  other  measurements. 

A  third  class  of  errors  which  can  be  quite  misleading  in  the  inter¬ 
pretation  of  data  comprises  those  characterized  by  slow  drifts  (over 
periods  of  an  hour  or  more),  generally  accompanied  by  discontinuities 
at  intervals  when  a  balance  adjustment  is  reset  (for  example,  periodic 
resetting  of  the  amplifier  null  point).  Errors  of  this  third  class 
are  random  over  periods  of  days  and  weeks,  but  from  a  short  term 
perspective  (such  as  for  a  consecutive  set  of  measurements  during 
a  single  riln)  must  be  regarded  as  systematic.  The  internal  con¬ 
sistency  (relatively  high  precision)  of  a  set  of  readings  taken  in 
a  single  run  can  easily  suggest  a  higher  level  of  accuracy  than  the 
results  in  fact  deserve,  nils  possibility  of  misinterpretation 
requires  extra  care  in  reviewing  the  results. 

Some  experiments  have  been  made  using  carbon  dioxide  as  the 
working  gas.  Calibration  of  ion  gauges  against  a  McLeod  gauge  is 
quite  difficult  with  CO2  because  of  the  relative  ease  of  condensation. 
Other  investigators  (see  reference  9)  have  made  careful  measurements 
with  002*  For  these  reasons,  direct  calibration  with  CO2  was  decided 
against.  Instead  it  was  recommended  that  CO2  measurements  be  treated 
by  first  calculating  the  equivalent  nitrogen  pressure,  and  then 
multiplying  the  value  obtained  by  0.69.  The  uncertainty  in  this 
factor  can  be  taken  as  +  10%  (95%  confidence  level). 

Water  vapor,  besides  entering  strongly  into  sorption  reactions, 
attacks  the  hot  tungsten  filament  of  an  ion  gauge,  more  or  less 
rapidly  changing  its  calibration  and  eventually  resulting  in  failure. 
Experiments  with  water  vapor  have  been  strongly  advised  against  until 
all  other  relevant  data  with  less  active  gases  have  been  obtained. 
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3.  PUMPING  SPEED  DETERMINATIONS 


3.1  Methods  of  Dtfrnlning  Pvanplng  Spetdi 

Three  different  methods  for  determining  pumping  speed  have 
been  used  by  Arthur  D.  Little,  Inc.,  in  this  program.  Each  of 
these  involves  the  measurement  of  mass  flow  rate  and  of  pressure 
at  the  cross-section  where  pumping  speed  is  desired.  In  each  case 
pressure  at  the  cross  section  is  measured  in  the  same  way  (by  an 
ion  gauge)  and  so  we  are  really  considering  three  different  methods 
for  determining  mass  flow  rate. 

For  measurements  of  mass  flow  rate  at  relatively  high  ehaad>er 
pressures,  where  mass  flow  rates  are  sufficiently  high,  rotameter 
devices  were  used,  operated  at  substantially  atmospheric  pressure. 

At  lower  chamber  pressures,  the  known  conductance  of  an  orifice 
was  used,  together  with  measurement  of  the  upstream  pressure.  For 
calibration  purposes,  an  oil  manometer  was  provided  (on  loan)  by 
National  Research  Corporation;  later  this  instrument  was  also  used 
during  actual  research  experiments. 

Rotameter  devices,  when  properly  installed,  perform  well  with¬ 
in  the  range  for  which  they  are  intended.  For  very  accurate  work,* 
it  is  advantageous  to  use  individual  calibration  curves  for  each 
gauge. 

Where  molecular  flow  conditions  exist,  the  orifice  is  inherent¬ 
ly  a  very  accurate  means  of  measuring  mass  flow  rates.  When  properly 
used,  the  limiting  error  is  the  accuracy  with  which  the  upstream 
pressxire  can  be  measured.  Pressure  measurements  made  with  a  cali¬ 
brated  ion  gauge  can  therefore  lead  to  masi*flow  rate  measurements 
with  an  uncertainty  for  individual  determination»of  the  order  of 
+  40%  (95%  confidence  level).  To  achieve  this  accuracy,  conaiderable 
care  is  necessary  both  in  installation  and  operation;  the  conditions 
that  should  be  met  have  been  discussed  in  Memorandum  Mo.  1  (Ref.l). 
These  conditions  are  well  understood  by  ASL  personnel  who  made 
several  modifications  in  an  effort  to  provide  the  most  accurate 
orifice  metering  arrangement  possible.  Initial  calibration  tests 
of  the  orifice  arrangement  were  made  by  NEC  peraonnel  using  an  oil 
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nanoiMCtr  «nd  Indicated  the  need  for  changaa  which  ware  fubaaquantly 
nada.  Aftar  tha  changaa,  additional  calibration  chacka  wara  laada  by 
ADL  uaing  tha  oil  nanonatar.  Thaaa  laat  calibration  raaulta  wara 
avaltiatad  by  Am.. 

3»2  Oil  Manomatar  Maaaviraaanta  of  Pumping  Soaad 

To  provida  a  check  on  naaturananta  of  pumping  apaad  mada  during 
a  typical  taat  run,  an  oil  manomatar  waa  connactad  to  tha  ayatam. 

Tha  oil  manomatar  ia  a  daviea  for  admitting  a  known  quantity  of  gaa 
into  tha  ayatam,  at  aubatantially  a  uniform  rata  that  ia  datarminad 
by  tha  character iatica  of  the  ayatam.  Tha  time  interval  during 
which  tha  known  quantity  of  gaa  ia  admitted  ia  maaaurad  with  a 
atop-watch.  Tha  principle  of  operation  ia  daacribad  by  Duahman 
(Raf.  10).  Sourcaa  of  error  have  bean  diacuaaad  in  Hamorandum  Ho.  2 
(Raf.  2):  by  proper  daaign  and  operation  tha  total  error  can  be  re¬ 
duced  to  within  a  few  percent. 

Tha  firat  apaad  calibration  maaauramanta  wara  mada  while  tha 
ayatam  waa  pumping  dry  nitrogen,  condanaing  on  aurfacaa  cooled  to 
approKlmataly  20*  K  by  circulating  helium.  Fourteen  maaauramanta 
wara  mada  with  tha  oil  manomatar,  with  chaad>ar  praaauraa  ranging 
from  8  X  10~^  to  6  x  10*^  torr,  and  flow  rataa  from  7  to  9500 
mitcon  -litara  par  aacond  at  room  tanparatura.  Chairt>ar  praaauraa 
wara  maaaurad  by  ion  gaugaa  PI  and  P6,  mounted  on  tha  aide  walla  of 
tha  chambar  about  aix  inchaa  upatraam  from  the  front  face  of  the 
cryo-baffla  configuration.  Pumping  apaad  ia  alwaya  defined  in 
tarma  of  a  apacifiad  rafaranca  plana  acroaa  which  tha  gaa  flowa, 
and  it  auat  be  ramamberad  that  tha  nacaaaary  praaaura  maaauramanta 
of  tha  gaa  are  to  be  mada  at  tha  rafaranca  plana.  Locating  tha 
gatigaa  ao  aa  to  provide  rapraaantativa  rafaranca  plma  maaauramanta 
ia  alwaya  a  problem,  and  in  thia  inatanca  tha  gaugaa  are  placed  aa 
wall  aa  ia  poaaibla. 

In  reducing  tte  data,  tha  ion  gauge  raadinga  wara  corrected 
according  to  tha  curvaa  given  in  Memorandum  Mo.  1  (Raf.  1),  and  tha 
oil  mmometar  conatanta  wara  adjuatad  for  additional  voluma  intro¬ 
duced  by  extra  tubing  uaad  to  connect  tha  manomatar  to  tha  throttling 
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valve  at  the  inlet  to  the  cryo-chanber .  From  this  data  the  punping 
apeed  at  the  reference  plane  la  eaeily  computed. 

While  the  manometer  meaaurementa  were  being  made,  preaaure  in 
the  plenum  chamber  through  which  the  nitrogen  waa  admitted  wae 
meaaured  by  ion  gauge  P4.  With  thia  additional  information,  the 
effective  conductance  of  the  orifice  may  be  computed.  Thia  parti¬ 
cular  eat  of  data  led  to  maee  flow  rates  which,  calculated  from  the 
theoretical  orifice  conductance,  were  about  70%  of  those  calculated 
from  the  oil  manometer  data.  This  indicated  difficulty  with  the 
orifice  arrangement  (very  likely  leakage  past  the  orifice  plate), 
and  corrective  measures  were  taken.  Having  no  permanent  value,  the 
data  from  these  experiments  are  not  included  in  this  report  but 
may  be  found  in  Hemorandum  Mo.  2  (Ref.  2). 

Although  the  oil  manometer  was  originally  intended  as  a  reference 
standard  for  calibration,  arrangements  were  made  to  use  it  for  bmss 
flow  rate  measurements  during  iqost  of  the  subsequent  experiments  be¬ 
cause  of  the  improved  accuracy  it  offers.  As  an  added  precaution, 
the  parameters  of  the  manometer  were  remeasured  and  the  gauge 
constants  recalculated.  The  new  values  agreed  within  3%  of  those 
previously  used. 

3.3  Errow  in  Pumping  Speed  Measurements 

In  the  deteimination  of  pumping  speed,  two  quantities  must  be 
measured:  Mass  flow  rate, and  pressure  at  the  reference  plane. 

Orifice  mass  flow  rate  measurements  are  subject  to  two  classes 
of  error.  The  first  class  comprises  those  errors  due  to  baffling 
and  plenum  chamber  configuration,  which  influence  the  effective 
conductance  and  are  largely  systematic.  Included  alao  in  thia  class 
are  errors  due  to  the  location  of  the  gauge  so  that  it  is  providing 
a  false  indication  of  the  mean  pressure  within  the  plenum  chamber 
volume.  For  accurate  meaaurementa  it  is  desirable  to  measure 
experlswntally  the  effective  conductance,  and  if  this  differ?  sigpl- 
flcantly  from  the  calculated  value  to  modify  the  orifice  configura¬ 
tion.  For  an  orifice  of  finibe  thickness,  reconductance  calculated 
from  kinetic  theory  for  an  infinitely  thin  plate  should  be  reduced 
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following  Clausing  (Ref.  11).  If  the  mean-free  path  In  the  gas 
upstream  of  the  orifice  is  less  than  3  times  the  orifice  diameter, 
the  correction  suggested  by  Liepman  (Ref.  12)  should  be  considered. 

If  the  experimental  and  theoretical  values  cannot  be  brought  into 
agreement,  then  the  experimental  value  should  be  used. 

The  second  class  of  errors  in  orifice  flow  rate  measurements 
comprises  those  associated  with  ion  gauges.  The  mass  flow  rate  is 
calculated  as  the  product  of  the  upstream  pressure  (as  measured  with 
an  ion  gauge)  and  the  previously  determined  conductance  of  the  orifice. 
The  errors  inherent  in  ion  gauge  measurements  (discussed  in  Memo¬ 
randum  Ho.  1,  Ref.  1)  are  likely  to  predominate  in  an  optimum  situa¬ 
tion  where  all  errors  have  been  minimized  insofar  as  is  possible. 

Ion  gauge  errors  are  largely  random,  provided  the  gauge  has  been 
carefully  calibrated. 

Using  an  oil  manometer,  the  uncertainty  in  determining  the 
effective  conductance  of  the  orifice  should  be  of  the  order  of  +  40X 
(95X  confidence  level)  for  an  individual  measurement.  The  uncerta^- 
ty  is  reduced  by  a  factor  of  approximately  1/ VrT  if  one  takes  the 
mean  of  n  completely  independent  measurements.  If  sufficient 
measurements  are  taken  (over  a  long  enough  time  to  average  out  the 
random  error  in  ion  gauge  readings),  the  uncertainty  in  the  conduc¬ 
tance  value  can  probably  be  reduced  to  about  +  207.  (95%  confidence 
level).  Because  of  the  uncertainty,  the  value  assumed  for  the 
effective  conductance  will  probably  differ  from  the  "true"  (but 
unknown)  value  and  therefore  Introduces  a  bias  error  in  the  subse¬ 
quent  flow  rate  determinations.  The  comparison  of  several  measure¬ 
ments  relative  to  each  other  will  be  more  precise  than  accurate 
since  they  are  affected  equally  by  this  bias  error.  The  random  un¬ 
certainty  or  scatter  introduced  in  orifice  measurements  by  the 
pressure  measurements  of  gauges  P3  and  P4  has  previously  been  esti¬ 
mated  to  be  +  407.  (957o  confidence  level)  for  individual  measure¬ 
ments. 

Direct  calibration  of  the  rotameters  used  at  higher  flow  rates 
was  not  madesince  the  oil  manometer  is  not  well  suited  to  such  a 
comparison.  On  the  other  hand,  manufacturer's  estimates  of  the 
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errors  In  these  devices  are  regarded  as  reliable,  and  generally  In- 
significant  compared  to  errors  from  other  sources. 

Measurements  with  the  oil  manometer  have  previously  been  esti¬ 
mated  to  be  accurate  within  a  few  percent,  which  Is  again  an  Insigni¬ 
ficant  error  compared  to  errors  from  other  sources. 

In  addition  to  mass  flow  rate  errors  Just  discussed,  measure¬ 
ments  of  pumping  speed  are  subject  to  errors  In  Ion  gauge  measure¬ 
ments  at  the  reference  plane.  The  uncertainty  of  Individual  Ion 
gauge  measurements,  inr:luding  reading  errors,  has  previously  been 
estimated  as  +  407.  (957.  confidence  level)  provided  that  proper 
operating  procedures  are  adhered  to,  with  particular  attention  to 
degassing  practice.  Since  Ion  gauge  errors  are  largely  random. 
Improvement  In  accuracy  can  be  obtained  by  taking  a  large  number  of 
measurements,  provided  that  these  measurements  are  taken  over  a 
considerable  period  of  time  In  order  that  the  slowly  changing  ran¬ 
dom  components  are  averaged  out. 

When  orifice  measurements  of  mass  flow  rate  are  used,  the 
pumping  speed  determination  Is  subject  to  the  Independent  uncer¬ 
tainties  of  two  Ion  gauges.  In  this  situation  some  improvement  In 
overall  accuracy  Is  possible  by  direct  static  comparison  of  the 
Ion  gauges  with  each  other,  over  a  pressure  range  where  they  can 
both  be  considered  linear.  The  range  10~^  to  10~^  torr  Is  suitable, 
and  Is  noted  to  be  lower  than  pressures  attainable  with  a  McLeod 
gauge.  This  procedure  may  not  provide  particularly  good  absolute 
accuracy  for  the  Individual  gauges.  This  Is  Irrelevant,  however, 
because  the  pumping  speed  calculation  Involves  only  the  ratio  of 
the  two  Ion  gauge  readings.  The  effect  of  systematic  Ion  gauge 
errors  Is  therefore  largely  eliminated.  Careful  attention  to 
minimizing  random  errors  Is  still  required.  This  procedure  has 
been  used  by  ADL  In  some  experlswnts. 

An  additional  error  may  arise  from  non-random  molecular  flow 
patterns  within  the  main  chamber,  so  that  the  pressure  "seen"  by 
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tht  ion  g«ug«  uMiy  not  bo  roprcoontativo  of  th«  noan  "proiouro"  at 
Cho  rtfartnco  plana.  Such  effects  are  of  course  nlnlmised  insofar 
as  possible  by  suitable  design.  The  principal  factor  causing  non- 
randonness  in  the  flow  patterns  ia  pumping  by  the  cryo-array.  If  the 
pumping  speed  for  nitrogen  is  about  250  cu  ft  per  second,  then  it  can 
easily  be  calculated  that  the  average  residence  time  of  a  nitrogsfii 
molecule  in  the  chamber  is  the  order  of  60  milliseconds  and  on  the 
average  it  makes  about  20  collisions  with  the  walls  before  being . 
pumped  away.  Under  these  conditions,  the  pressure  gauge  indleatlon 
can  be  expected  to  be  a  reasonably  reliable  measure  of  the  pressure 
within  the  chaniber,  within  probably  +  10%. 

On  the  other  hand,  a  similar  calculation  for  a  pumping  speed 
of  2500  cu  ft  per  second  (as  observed  in  some  preliminary  CO2  ex¬ 
periments)  gives  an  average  residence  time  of  6  milliseconds  and 
on  the  average  fewer  than  two  collisions  with  the  walls  before  being 
condensed.  For  such  results  the  calculation  is  not  entirely  valid, 
but  shows  clearly  that  the  molecular  velocity  distribution  is  far 
from  random.  The  ion  gatige  indication  is  therefore  highly  question¬ 
able.  If  any  prediction  is  meaningful,  the  gauge  is  likely  to  read 
too  high  because  of  the  molecules  beaming  from  the  inlet  "diffuaar", 
unless  the  gauge  opening  is  shielded  from  this  flux. 

Under  very  high  rates  of  pumping  as  indicated  in  the  laat 
example,  the  concept  of  pumping  speed  becomes  questionable.  To  be 
meaningful,  the  pressure  ahead  of  the  pumping  device  should  be 
measured  sufficiently  distant  from  the  pump  to  be  representative 
of  the  body  of  the  gas,  undisturbed  by  the  loss  to  the  pump.  The 

Ht 

Note:  Wk  are  taking  some  liberty  with  terminology  here.  In  the 
first  place,  an  ion  gauge  is  actually  a  density-measuring  device 
although  its  results  are  customarily  expressed  as  an  equivalent 
pressure,  with  the  gauge  temperature  Implied.  Secondly,  the  pres¬ 
sure  in  the  chamber  is  strictly  meaningful  only  for  a  gM  eomplately 
confined  in  an  isothermal  box,  where  density  and  molecular  v^oeity 
distribution  are  uniform  over  the  volume.  In  engineering  situations, 
this  concept  is  frequently  liberalised  to  include  non-random  con¬ 
ditions  involving  mass  flow  and  non-uniform  temperatvuce ,  provided 
the  variations  from  the  mean  over  the  volume  are  relatively  small. 

In  situations  where  the  variations  are  not  relatively  small,  the 
usual  pressure  concept  is  no  longer  valid  and  a  more  complex  de¬ 
scription  of  the  physical  sit\iation  must  be  employed. 
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higher  the  rate  of  pumping  the  wider  region  over  which  the  distorting 
effect  of  the  pump  is  significant,  and  the  more  sensitive  the  re¬ 
sults  are  to  the  chamber  geometry  used.  In  this  case,  it  seems  more 
appropriate  to  treat  the  individual  molecular  processes  rather  than 
the  gas  as  a  continuous  fluid,  that  is,  to  use  a  microscqpic  rather 
than  a  macroscopic  description.  This  Implies  the  use  of  an  accom¬ 
modation  coefficient  as  a  measure  of  the  probability  that  a  molecule 
incident  on  the  cryo-array  will  not  be  scattered  back  into  the 
chamber . 

The  distribution  of  temperature  over  the  various  bounding 
surfaces  of  the  chaadter  must  also  be  considered,  because  of  its 
distorting  effect  on  the  flow  pattern.  During  calibration  only 
the  shields  were  cooled,  while  during  experimental  runs  additional 
surfaces  were  cooled,  not  always  to  the  eame  temperature.  Tesqpara- 
ture  effects  are  likely  to  be  smaller  than  those  due  to  the  punmping 
effect.  It  is  Important  to  realise  that  any  distortion  of  the  flow 
pattern  from  being  purely  random  can  produce  a  difference  between 
the  corrected  indications  of  two  gauges  (PI  and  P6)  at  the  referanca 
plane,  even  though  these  gauges  have  been  calibrated  together 
statically. 

3.4  Overall  Accuracy  of  Pumping  Speed  Determinations 

The  accuracy  to  be  expected  of  pumping  speed  determinations 
in  this  facility  will  depend  on  the  extent  to  which  the  possible 
sources  of  error  discussed  above  can  be  minimised.  For  individual 
measurements  pumping  nitrogen,  it  eeems  reasonable  to  expect  that 
an  uncertainty  of  +  SOX  (95X  confidence  level)  can  be  achieved. 

With  a  large  number  of  measurements,  the  uncertainty  in  the  best- 
fit  pumping  speed  curve  may  very  likely  be  less  than  Hh  20X. 

The  effect  of  gas  composition  on  pumping  speed  measurements 
must  also  be  considered  since  the  program  has  been  concerned  with 
the  use  of  nitrogen,  hydrogen, helium  and  carbon  dioxide.  Correction 
of  ion  gaiige  indications  for  gases  other  than  nitrogen  has  been  dis¬ 
cussed  in  Section  2.  The  conductance  of  an  orifice  ia  dapendant  on 
gas  composition,  varying  inversely  as  the  square  root  of  the  molecular 
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weight.  The  conductance  values  chosen  (whether  calculated  values, 
or  values  derived  experlnentally)  should  thus  be  multiplied  by 
3.73  when  used  for  hydrogen,  by  2.65  for  helium,  and  0.80  for  carbon 
dioxide . 

4.  SUMMARY 

Considerations  in  the  use  of  hot -cathode  ionisation  gauges  for 
accurate  pressure  measurements  have  been  reviewed,  and  operational 
procedures  recommended.  Modifications  to  gauge  control  circuit# 
have  been  designed,  and  satisfactory  operation  of  the  units  verified 
after  the  changes  were  made  by  ADL. 

A  McLeod  gauge  was  provided  as  a  standard,  and  the  ion  gauges 
calibrated  against  it.  Correction  curves  were  provided,  and  esti¬ 
mates  made  of  the  various  sources  of  error.  Using  proper  corrections, 
the  overall  uncertainty  of  individual  static  pressure  measurements 
is  estimated  to  be  +  40X  (95%  confidence  level)  assuming  care  and 
good  technique  are  employed. 

Correction  factors  for  gases  other  than  nitrogen  have  been 
provided. 

An  oil  manometer  was  provided  for  mass  flow  rate  calibration 
and  AEL  personnel  familiarized  with  it.  Errors  in  various  methods 
of  maos  flow  rate  meas\irement  have  been  discussed,  particularly  with 
respect  to  the  metering  orifice  arrangement. 

Errors  in  punning  speed  determinations  have  been  diacuaaad, 
including  both  instrumental  errors  and  the  effects  of  non-random 
flow.  The  complications  at  very  high  pumping  speeds  are  mentioned, 
since  under  these  conditions  the  uncertainty  in  the  results  is  con¬ 
siderably  greater. 

Estismtes  of  the  overall  accuracy  depend  on  many  variables, 
but  careful  work  is  likely  to  give  +  50X  (95X  confidence  level) 
for  the  imcertainty  of  individual  pumping  speed  determinations. 

With  a  large  number  of  measurements,  the  uncertainty  in  the  beat- 
fit  pumping  speed  curve  may  very  likely  be  within  ±  20%. 
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